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ABSTRACT 
Life-history theory was established to help understand the large diversity in life-history 
strategies among-species. Fundamentally, a trade-off between survival and reproduction 
underlies the evolution of different life-histories along the slow – fast life-history continuum. 
The pace-of-life syndrome (POLS) hypothesis expands on life-history theory to help explain 
variation in life-histories at the population and individual levels. The POLS hypothesis 
proposes that variation in life-histories can only be completely understood when integrated 
with a suite of physiological and behavioural traits that have co-evolved to maximise fitness 
according to the life-history idiosyncrasies of different species and populations. Indeed, 
within populations, individuals differ considerably in their phenotypic expression of many 
important physiological and behavioural traits.  
Energy expenditure, for instance, is an important physiological trait of animals that 
drives ecological patterns and processes at individual to community levels. A primary area of 
research in animal physiology and evolutionary biology focuses on understanding the fitness 
consequences of among-individual variation in energy expenditure. Individual variation in 
basal metabolic rate (BMR) is by far the most common index of energy expenditure. 
Variation in BMR is often is assumed to reflect variation in other components of metabolism 
and energy expenditure and is expected to have fitness consequences. However, BMR 
excludes important ways in which metabolic rate can be adjusted in response to 
environmental conditions (e.g. air temperature and food availability). Therefore, BMR cannot 
incorporate how these responses might differ among individuals, nor predict their relative 
contribution to energy expenditure and their probable influence on fitness.  
Metabolic rate varies within- and among-individuals in response to environmental 
change. As such, quantifying among-individual variation in metabolic responses to 
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environmental conditions could expand our current understanding of the fitness consequences 
of among-individual variation in energy expenditure. Therefore, the principal aim of this 
thesis was to examine the relationships among various measures of energy expenditure and 
determine whether metabolic responses to environmental conditions can be consistent and 
important individual traits. 
The first chapter of this thesis reviews the literature on life-history theory and the 
POLS hypothesis and highlights the current limitations faced by animal physiologists and 
evolutionary biologists, both theoretically and practically, when seeking to integrate 
metabolism with other physiological, behavioural and life-history traits in endothermic 
animals. The second, third, fourth and fifth chapters of this thesis describe empirical research 
undertaken to address the main aim of this thesis and provide novel insights into how 
consistent among-individual variation in metabolic responses to environmental conditions 
relates to behaviour and reproductive fitness. The research questions were addressed using a 
Diversity Outbred strain of laboratory mouse that was developed by crossing eight different 
strains of Mus musculus subspecies. The Diversity Outbred line was bred to contain a wide 
range of genotypic and phenotypic diversity. The sixth and final chapter summarises the main 
results of this thesis and provides new perspectives that will help future research to examine 
the ecological consequences of individual variation in energy expenditure. 
The second chapter provides a detailed evaluation of the factors that are correlated 
with variation in metabolism and energy expenditure at the species and population levels. The 
second chapter also critiques the current methods used by ecologists, physiologists and 
evolutionary biologists to characterise individual metabolic phenotypes in studies wishing to 
determine how energy expenditure interacts with other key physiological, behavioural and 
life-history traits and proposes that using metabolic responses to environmental conditions 
could provide a more ecologically relevant way to characterise individual metabolic 
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phenotypes. Furthermore, chapter two outlines the experimental approach that was used to 
estimate the effects that air temperature (Ta) and food availability have on metabolism at the 
individual level in a small endothermic mammal. In chapter two, a reaction norm approach 
was used to quantify baseline metabolism and metabolic responses to Ta (31 and 15 °C) and 
food availability in 97 Diversity Outbred laboratory mice. Responses were measured up to 
three times over a one-year period, allowing for estimates of repeatability to be calculated. 
The most important result that was identified in chapter two is that although individuals 
exhibit large differences in their baseline metabolism and energy expenditure, they exhibit 
even larger differences in their metabolic responses to Ta and starvation. Moreover, average 
metabolic responses to starvation were highly repeatable over a one-year period, far beyond 
the expected lifespan for wild Mus musculus. Individual variation in baseline levels of resting 
metabolic rate (RMR) at 15 °C and the response of RMR at 15 °C to starvation were highly 
informative of individual variation in daily energy expenditure, considerably more so than 
RMR measured at 31 °C. The results described in chapter two suggest that measuring 
individual metabolic reaction norms to ecologically relevant environmental conditions is 
indeed a valuable way to characterise important aspects of individual variation in energy 
expenditure that might be relevant to fitness. 
The third chapter examines possible correlations between consistent individual 
differences (CIDs) in different components of metabolism (e.g. including metabolic 
responses to Ta and food availability) and behavioural responses to an open-field test (i.e. 
indices of boldness, exploration and activity). Diversity Outbred mice were found to exhibit 
CIDs in their baseline metabolism, metabolic responses to environmental conditions and 
behavioural traits. Indeed, behavioural responses were correlated such that individuals 
exhibited variation in behavioural syndromes along a proactive – reactive continuum. Despite 
large among-individual variation in both metabolic phenotypes and behavioural traits, no 
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evidence was found to suggest that they were correlated. The lack of any correlation under 
laboratory conditions (i.e. in a controlled environment) suggests that variation in metabolism 
and behaviour are not correlated through shared physiological pathways (e.g. a shared 
hormonal basis). 
The fourth chapter evaluated the possible fitness consequences of among-individual 
variation in metabolic responses to environmental conditions and revealed some novel 
results. Two indices of reproductive fitness: litter size and offspring growth rate; and 
individual metabolic responses to Ta and food availability were measured in a sample of 77 
Diversity Outbred mice. The first important result in chapter two was that CIDs in the slope 
of the mother’s metabolic response to temperature were negatively correlated with offspring 
growth rate from birth to 16 days old (i.e. when offspring are completely reliant on their 
mother’s milk), and from birth to weaning (i.e. 31 days old). Furthermore, CIDs in the 
father’s RMR31 (i.e. reaction norm intercept) and RMR31 and RMR15 in response to 
starvation (i.e. reaction norm slopes) were correlated with offspring growth rate from birth to 
weaning. The results found in chapter two have shown that among-individual variation in 
different components of metabolism in adult Mus musculus are correlated with offspring 
growth rate in different ways at different stages of postanal growth via either developmental 
(i.e. maternal effects), behavioural (i.e. maternal investment based on perceived quality of 
their mate) or physiological mechanisms (i.e. genetic or epigenetic effects). 
The fifth chapter examined variation in organ mass as possible proximate mechanism 
underlying variation in metabolic responses to environmental conditions. Correlations were 
quantified between individual variation in metabolic responses to environmental conditions 
and the residual dry mass of several metabolically active organs in a sample of 43 Diversity 
Outbred mice. It was found that the masses of different organs were correlated with different 
components of metabolism. For instance, the residual dry mass of the heart was positively 
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correlated with DEE indicating that a larger heart might facilitate higher rates of average 
energy expenditure. Whereas the residual dry mass of the kidneys was positively correlated 
with individual differences in the metabolic response to Ta and negatively correlated with 
RMR at 15 °C indicating that the kidneys could be involved in thermoregulation at cold Ta’s. 
The results of this thesis provided a test of the ecological relevance of BMR as a 
single measure of metabolism. Furthermore, this thesis has provided robust evidence that 
individuals exhibit differences in their metabolic responses to environmental conditions and 
has shown that these differences could have important biological consequences. Individual 
metabolic responses to environmental conditions provide a powerful approach for future 
studies wishing to examine the evolutionary significance of among-individual variation in 
energy expenditure because they provide meaningful indices of metabolism measured under 
ecologically relevant conditions. 
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Chapter 1  
GENERAL INTRODUCTION 
1.1 LIFE-HISTORY THEORY 
In a world free of evolutionary constraints, a hypothetical organism termed the ‘Darwinian 
Demon’ would be able to maximise all components of fitness simultaneously (Figure 1.1). It 
would begin reproducing as soon as it was born and then continue to reproduce at an infinite 
rate for the remainder of its indefinite life (Krakauer 2011; Law 1979). Of course, no such 
organism exists. In reality, the evolution of life-histories are constrained by trade-offs that 
animals must make between reproduction and survival to optimise fitness in a given 
environment (Stearns 1977). Life-history theory was established to help understand the large 
diversity in life-history strategies among species. For instance, the life-histories of 
semelparous species are characterised by individuals dedicating their energy into a single 
reproductive event that leads to rapid senescence marked by a reduction in immune 
capability, organ deterioration and ultimately death (Cole 1954; Fisher & Blomberg 2011; 
Stearns 1976). In contrast, the life-histories of iteroparous species vary substantially along a 
slow – fast life-history continuum (Oli, 2004; Partridge & Harvey, 1988; Promislow & 
Harvey, 1990; Stearns, 1989). 
Life-histories are generally correlated with body size, whereby smaller species tend to 
have faster life-histories (Charnov 1991; Oli 2004; Read & Harvey 1989; Western 1979, 
1983; Western & Ssemakula 1982). However, several species, such as primates, bats and 
hibernators, do not conform to the abovementioned allometry between body size and life-
histories (Ruf, Bieber, & Turbill, 2012). Variation in life-histories is also associated with 
phylogeny, whereby similar or related species tend to have comparable life-histories 
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(Dunham & Miles 1985; Miles & Dunham 1992; Oli 2004; Read & Harvey 1989; Stearns 
1983, 1984, 1992; Wilson 1998). However, it is a fundamental trade-off between survival and 
reproduction that underlies the evolution of different life-histories along the slow – fast 
continuum (Figure 1.2; Partridge & Harvey, 1988; Ricklefs, 1998; Speakman & Garratt, 
2014; Stearns, 1992; Williams, 1966).  
 
Figure 1.1 Artists rendition of the ‘Darwinian Demon’. A hypothetical organism that can maximise all 
components of fitness simultaneously. Image © Isabella Baker 2018. 
With limited energy resources, animals must maximise lifetime reproductive success 
by balancing investment of these resources between survival and reproduction. For instance, 
to invest in reproduction an animal must first invest in growth, a trait that requires a 
substantial amount of food energy. Acquiring resources increases risk of predation and risk of 
mortality by other environmental factors and therefore can pose a substantial threat to 
survival (Promislow & Harvey 1990). Furthermore, high levels of energy expenditure 
required to forage or grow quickly can incur a physiological cost (e.g. oxidative stress) that 
can also negatively affect survival (Dowling & Simmons 2009). Hence, species that have low 
survival probability owing to higher risk of mortality tend to have fast life-histories 
characterised by: a short lifespan, fast growth rate, early onset of sexual maturity and high 
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reproductive output (Figure 1.2; Fisher, Owens, & Johnson, 2001; Gaillard et al., 1989; Oli, 
2004; Promislow & Harvey, 1990; Read & Harvey, 1989). In contrast, species that have 
higher survival probability generally have a slower life-history that is characterised by: a long 
lifespan, slow growth rate, delayed onset of sexual maturity and low reproductive output.  
 
slow PACE-OF-LIFE fast 
   
 
LIFE-HISTORY TRAITS 
 
long Lifespan short 
slow Growth rate fast 
low Reproductive effort high 
high Offspring survival low 
delayed Onset of sexual maturity precocious 
high Survival low 
slow Rate of ageing fast 
 
PHYSIOLOGICAL TRAITS 
 
low Metabolic rate high 
smaller Organ size larger 
high Immune response low 
low Sensitivity to oxidative stress high 
slow Telomere shortening fast 
 
BEHAVIOURAL TRAITS 
 
high Parental care low 
shy Personality bold 
low Aggression high 
thorough Exploration superficial 
low Activity high 
 
Figure 1.2 Slow – fast pace-of-life continuum. According to the pace-of-life syndrome hypothesis, 
animals will exhibit correlated suites of life-history, physiological and behavioural traits that 
represent the optimisation of a fundamental trade-off between survival and reproduction (Partridge 
& Harvey 1988; Ricklefs 1998; Speakman & Garratt 2014; Stearns 1992; Williams 1966). 
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1.2 THE PACE-OF-LIFE SYNDROME HYPOTHESIS 
Over time, life-history theory has expanded beyond simple correlations between reproduction 
and survival to better explain variation in life-histories at the population and individual levels. 
The pace-of-life syndrome (POLS) hypothesis proposes that variation in life-histories can 
only be completely understood when integrated with a suite of physiological and behavioural 
traits that have co-evolved to maximise fitness according to the life-history idiosyncrasies of 
different species (Biro & Stamps 2010; Réale et al. 2010; Ricklefs & Wikelski 2002; Sih, 
Bell, & Johnson 2004; Stamps 2007). Accordingly, individual life-histories are expected to 
co-vary with consistent individual differences in the expression of physiological and 
behavioural traits.  
According to the POLS hypothesis individuals within a population can be placed 
along a pace-of-life continuum where particular combinations of trait values are favoured by 
selection (Figure 1.2; Réale et al. 2010; Ricklefs & Wikelski 2002). Under the POLS 
hypothesis, individuals characterised as having a fast POLS should prioritise investment in 
growth and reproduction over survival. The fast POLS would in turn be facilitated by high 
rates of energy turn over and a proactive set of behavioural traits (i.e. personality) 
characterised by high levels of aggression and activity (Biro & Stamps, 2008; Careau et al. 
2008; Smith & Blumstein, 2008; Stamps, 2007). In contrast, individuals characterised as 
having a slow POLS should prioritise survival over investment into growth and reproduction. 
A slow POLS would be supported by correspondingly lower rates of energy turn over and 
benefit from a more reactive personality characterised by low levels of aggression and 
activity (Biro et al. 2004; Careau et al. 2008; Stamps 2007). 
The evolution of divergent POLS among species and populations is driven by intrinsic 
constraints (e.g. morphological and physiological) and by environmental conditions such as 
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climatic stability (e.g. temperature and rainfall), food quality and availability, resource 
distribution and monopolisation, predation risk and pathogen risk (Réale et al. 2010; Reznick, 
Bryant, & Bashey 2002; Stearns 1992). Unpredictable, unstable environments with low and 
intermittent resource availability are expected to increase fitness outcomes for slow POLS 
individuals because of their lower energetic requirements (i.e. low metabolic rate; Careau et 
al. 2008; Lovegrove 2000). In contrast, predictable, stable environments with high resource 
availability are expected to favour fast POLS individuals because they are capable of greater 
rates of energy turn over (i.e. high metabolic rate; Careau et al. 2008; Lovegrove 2000). As 
such, POLSs are expected to vary according to differences in environmental conditions over 
space and time. Moreover, individuals with different POLSs should exhibit different 
behaviours and physiological responses (e.g. change in metabolic rate) in response to 
environmental change, such as a decrease in resource availability.  
Within populations, individuals differ in their phenotypic expression of many 
important physiological and behavioural traits. Although much of this variation can be 
explained by differences in body mass, there remains a large proportion of among-individual 
variation that is unexplained. The correlation among life-history, physiological and 
behavioural traits that is proposed by the POLS hypothesis provides a possible explanation 
for this residual variation. Variation in metabolic rate, for example, is an important 
physiological trait that is often thought to have fitness consequences. However, to date 
studies that have examined the possible correlation between metabolism and fitness within 
populations have returned conflicting results. Within populations, for example, the 
correlation between metabolism and various measures of reproductive fitness varies from 
positive (Boratyński & Koteja 2010; Glazier 1985; Kam et al. 2003; Nilsson 2002; 
Sadowska, Gębczyński, & Konarzewski 2013; Zhu & Wang 2014), to negative (Blackmer et 
al. 2005; Kagya-Agyemang, Król, & Speakman 2012; Rønning et al. 2016), to not significant 
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(Derting & McClure, 1989; Duarte, et al. 2010; Earle & Lavigne, 1990; Hayes, Garland, & 
Dohm, 1992; Johnson, Thomson, & Speakman, 2001a; Johnston et al., 2007; Schimpf, 
Matthews, & White, 2012; Speakman, Król, & Johnson, 2004). The correlation between 
metabolism and fitness might be better explained if variation in behaviour is also considered 
as part of an integrated POLS. For instance, proactive individuals might engage in risker 
activities and more exploration increasing their chance of finding and securing a mate – but at 
a cost to survival through increased risk of predation or injury. More reactive individuals 
might prioritise survival over risky behaviour, but they might also engage in more 
reproductive events over their longer life or improve offspring survival through increased 
parental care. Both behavioural strategies might result in equal fitness, and the observed 
variation in metabolism might underlie behavioural expression (Biro & Stamps 2008; 
Montiglio et al. 2014).  
The presence of divergent POLS across environmental gradients among-populations 
has been demonstrated in some cases. Relative to their temperate zone counterparts, tropical 
bird species develop and mature slowly but have longer lifespans and produce fewer 
offspring (Tieleman et al. 2008; Wiersma et al. 2007; Wikelski et al. 2003). Furthermore, 
after accounting for differences in body mass, tropical bird species tend to have 
comparatively lower metabolic rates in combination with smaller visceral organs and higher 
immune capability compared to their temperate counterparts (Londoño et al. 2015; Tieleman 
et al. 2005; Wiersma, Nowak, & Williams 2012). Invasive marine invertebrates tend to have 
higher mass-specific metabolic rate than native species (Lagos, White, & Marshall 2017). In 
this case, the higher metabolic rate might facilitate a faster POLS thereby enhancing invasive 
capacity. Hence, at the among-population level there is evidence to support the idea that 
physiology and behaviour have co-evolved with life-histories as part of an integrated POLS. 
Within-populations, there is mixed support for predictions of the POLS hypothesis. Literature 
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reviews have found support for the idea that certain behavioural traits (e.g. dominance, 
boldness, aggression, exploration or activity) are correlated with metabolism (Biro & Stamps 
2010) and life-history traits (Biro & Stamps 2008). However, a recent meta-analysis of 42 
studies found a low level of mean estimated support for the POLS hypothesis among all 
animal species (r = 0.06; Royauté at al. 2018).  
Despite the surge of interest in the pace-of-life field, there are few studies that have 
examined relationships between life-histories, physiology and behaviour at the same time as 
this is rarely possible. Of studies that have taken a more integrated approach there is still 
disparity in the results. In wild-caught semiaquatic salamanders (Desmognathus 
brimleyorum), for example, no relationship was observed between metabolic rate, exploratory 
behaviour and feeding rate (Gifford, Clay, & Careau 2014). Similarly, in adult pike (Esox 
lucius) there was no correlation between metabolic rate, behaviour and growth rate 
(Laskowski et al. 2016). In fact, there is only one study that we are aware of that provides 
support for a general POLS linking behaviour, physiology and life-histories. Among some 
breeds of domestic dogs, it has been shown that personality is correlated with longevity, and 
metabolism (Careau et al. 2010). This study has provided strong evidence to support a POLS 
within-populations, however strong artificial selection might have inflated phenotypic 
expression allowing for detection of traits that might otherwise be difficult to detect.  
A barrier to progress of the POLS hypothesis is uncertainty about the relevance of 
measurements (e.g. taken in laboratory settings) to the ecological and physiological 
challenges and fundamental trade-offs faced by wild animals and hence to selection pressure 
underpinning the evolution of an integrated POLS. Predation risk, resource abundance and 
population density, for example will be important in determining the strength and direction of 
selection on behaviour, physiology and life-histories (Bell & Sih 2007; Dingemanse et al. 
2007). Another hindrance to progress in the field is the index of metabolism that is used to 
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test for correlations with other traits in the context of the POLS hypothesis. Metabolism is 
generally measured under conditions that some animals rarely experience in their natural 
environment (reviewed in Chapter 2.2). This raises the question as to the ecological relevance 
of such measurements. Indeed, it is unreasonable to assume that one proxy for metabolism 
would provide a meaningful measure of actual energy requirements or how they relate to 
behavioural or life-history traits. Indeed, as we later discuss there is limited evidence that a 
single proxy of resting metabolic rate provides a useful characterisation for the different 
aspects of energy expenditure that are relevant to the POLS hypothesis (reviewed in Chapter 
2.2). Thermoregulatory effects on metabolism are particularly important to consider for 
endothermic animals that experience daily and seasonal fluctuations in environmental 
temperatures (reviewed in Chapter 1.4). Thermal physiology can have such a large impact on 
energy requirements, behaviour and life-histories that it has been proposed the POLS 
hypothesis should be expanded to include a hot – cold axis (Goulet et al. 2017). 
Despite the level of interest directed towards within-population variation and co-
variation in life-histories, physiology and behaviour, empirical evidence to support the POLS 
hypothesis at this level is equivocal (reviewed in Royauté et al. 2018). Hence, there is 
fundamental gap in our current understanding of the evolutionary importance of within-
population variation and co-variation in life-histories, physiology and behaviour (Réale et al. 
2010; Wilson 1998). The evolution of such variation (i.e. both genetic adaptation and 
phenotypic plasticity) is an important mechanism by which populations can persist through 
ecological challenges. Understanding the ecological significance and fitness consequences of 
this variation might be crucial in future species conservation efforts. For example, relocation 
or reintroduction efforts (e.g. for conservation) might be improved by first determining 
individual POLS and matching individuals to habitats where they would be most successful. 
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1.3 METABOLISM AND ECOLOGY 
Energy metabolism is the biological process whereby organisms take up resources from their 
environment and, by various biochemical pathways, convert these resources into forms of 
energy that can be used for the fundamental processes required for life (Brown et al. 2004). 
Organisms return different forms of these resources back into the environment, thereby 
creating dynamic and complex ecological systems founded upon biological metabolism 
(Brown et al. 2004). Organisms, including both eukaryotes and prokaryotes, make use of a 
common molecule, adenosine triphosphate (ATP), to store and deliver energy to power 
biological process (Knowles 1980).  
Adenosine triphosphate is used within cells to provide chemical energy, used by 
enzymes and proteins in cellular processes and for other essential reactions such as cell 
division (Knowles 1980). In eukaryotic organisms, the primary and most efficient method of 
ATP production is by the oxidation of food through aerobic metabolism. Animals can also 
produce ATP through anaerobic metabolic pathways (e.g. fermentation), however this 
biochemical method of ATP production cannot be sustained by vertebrates indefinitely 
because of the resulting build-up of lactic acid and is therefore a minor source of total energy 
assimilation (Green et al. 1996). Energy is essential for growth, reproduction and survival in 
all organisms. Hence, understanding how animals acquire energy from their environment and 
allocate this limited resource across competing biological systems is central to animal 
ecology and physiology. 
The metabolic rate of an animal represents the total rate of energy turnover required to 
drive biological processes, perform external work and produce heat. Basal metabolic rate 
(BMR) is a standardised measure of metabolism that is defined as the lowest metabolic rate 
of a normothermic adult endotherm when it is at rest, post-absorptive, non-reproductive and 
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within its thermoneutral zone (TNZ; Speakman, Król, & Johnson 2004). The TNZ of an 
organism is the temperature range where standard metabolic processes are sufficient to 
maintain a normothermic body temperature (Tb) with no additional thermoregulatory heat 
production (McNab, 1997, 2002; Speakman, Król, et al., 2004). It is thought that BMR 
represents the minimum rate of metabolism required to sustain processes essential for life 
such as respiration and cell function (Speakman, Król, et al., 2004). Resting metabolic rate 
(RMR) is the lowest metabolic rate of an adult endotherm when one or more of the conditions 
for BMR cannot be met, for example if the animal is juvenile, reproductive, not fasted or not 
within the TNZ (Speakman, Król, et al., 2004). Resting metabolic rate can, however, be 
recorded within the TNZ (RMRt). Standard metabolic rate (SMR) is the term used to 
represent the lowest metabolic rate of an adult ectothermic animal measured during its 
normal period of inactivity when it is at rest, post-absorptive, non-reproductive at a specified 
air temperature (Ta), typically 20 °C (McNab 1997). 
Energy expenditure describes the amount of energy used over a given time period, 
and when measured over an entire 24 h is called daily energy expenditure (DEE; Anderson & 
Jetz 2005; Careau et al. 2008; Speakman 1997). Measurements of energy expenditure 
incorporate the costs of self-maintenance, such as respiration, thermoregulation and cell 
function, in addition to energy spent on ‘active’ processes such as growth, reproduction and 
behaviour (e.g. locomotion). Energetic requirements set the limits for the environmental 
conditions (i.e. temperature and food availability) that animals can inhabit and can constrain 
life-history traits such as growth and reproduction. This is why both metabolic rate and 
energy expenditure are fundamental measures in ecology and physiology (Schmidt-Nielsen 
1997; Speakman 1997).  
Daily energy expenditure is highly informative as it provides a summary of how an 
animal will acquire and allocate energy given unrestricted access to resources. However, 
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DEE is impractical to measure, especially in free-living animals. Day-long respirometry is 
rare. Most systems involve the use of small artificial respirometry chambers which are 
unsuitable to house animals over prolonged periods and are impracticable for long-term use 
in the field. The conditions under which these measurements are made are likely to induce a 
stress response, especially in wild animals. The small chambers do not contain any food, 
water bedding or other enrichment. Handling of animals and introduction into an unfamiliar 
and typically confined environment can increase stress and heart rate and lead to inaccurate 
measurements of true resting metabolic costs (Careau et al. 2008, Hayes, Speakman, et al. 
1992, Speakman 1998). 
Daily energy expenditure measured in free-living animals it is typically referred to as 
field metabolic rate (FMR). The doubly labelled water technique is the most common method 
used to measure FMR. The technique involves administering stable isotopes of hydrogen and 
oxygen (deuterium and 18O) and measuring the elimination rate of these two isotopes over 
time, usually 24 hours in small animals. The doubly labelled water technique can provide 
relatively precise estimates of FMR among individuals, however is not refined enough to 
provide estimates of energy expenditure at the individual level (Speakman 1998). Indeed, 
FMR does not provide information on specific aspects of metabolism, such as RMR, hence 
has limited value for understanding the evolution of adaptation in metabolic rate.  
Other components of metabolism can provide valuable information on metabolic 
limits or thresholds. The lowest environmental Ta in which an endotherm can maintain a 
normothermic Tb is fundamentally determined by three main factors: the minimum 
sustainable Tb, thermal conductance and their maximum capacity for metabolic heat 
production (Rezende & Bacigalupe 2015; Schmidt-Nielsen 1997). Summit metabolism is the 
maximum rate of metabolic heat production by an animal at rest as measured by exposing 
animals to decreasing Ta’s until metabolic rate reaches an upper critical limit at which point it 
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begins to decline (Swanson, Drymalski, & Brown 1996). Maximum metabolic rate, on the 
other hand, is the maximum metabolic rate that can be achieved over a short period (i.e. 1 to 
10 mins) by animals under conditions of intensive exercise using only aerobic metabolism 
(Weibel et al. 2004). Sustained metabolic rate is a time averaged metabolic rate that provides 
an index of how long an animal can maintain a constant body mass at a sustainable level of 
food intake and is often measured in the context of reproduction (i.e. during lactation; 
Hammond & Diamond 1992; Peterson, Nagy, & Diamond 1990). Absolute aerobic scope 
provides and estimation of ‘energetic fitness’ and represents the total amount of power 
available after accounting for self-maintenance costs; that is maximum metabolic rate minus 
BMR (Careau, Gifford, & Biro 2014). These different components of metabolism capture 
individual variation in traits that might be relevant to fitness yet are not commonly included 
in the current hypothesis linking variation in energy expenditure with other physiological, 
behavioural and life-history traits. Indeed, BMR is the most frequently used index of energy 
expenditure, however, one or many of these different components of energy expenditure 
might prove to be a more useful index of individual variation energy expenditure than BMR. 
According to the ‘energetic definition of fitness’, natural selection should maximise 
the amount of energy available to an animal after accounting for growth and self-maintenance 
costs (Artacho & Nespolo, 2009a; Careau et al., 2014). However, current hypotheses make 
contrasting predictions regarding how animals allocate energy between self-maintenance (i.e. 
essential cellular processes to maintain life such as cellular respiration and thermoregulation) 
and active processes that are important to fitness (e.g. reproduction, survival and behaviour), 
and consequently how variation in BMR should relate to an individual’s fitness outcomes. 
This question is critical to ecology and physiology because BMR is assumed to be relevant to 
fitness, however current evidence to support this assumption is equivocal (reviewed in 
Chapter 2). Furthermore, the different proposed models of energy management interpret 
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BMR as having a different role in the overall metabolic phenotype. For example, the 
increased intake hypothesis or performance model of energy management assumes that BMR 
reflects the size of the metabolic machinery or energy throughput capacity (Burton et al. 
2011; Careau et al. 2008; Drent & Daan 1980; Nilsson 2002). Whereas, the compensation 
hypothesis or allocation model of energy management assumes that BMR reflects the 
minimum energy costs of an individual at rest (Careau et al. 2008; Metcalfe, Taylor, & 
Thorpe 1995; Nilsson 2002). It is unlikely that BMR represents both (or either) of these 
requirements at the individual level under all ecological conditions.  
The performance model assumes that there is a physiological link between BMR and 
DEE and that the two are positively correlated (Figure 1.3a; Biro & Stamps, 2010; Burton et 
al., 2011; Careau et al., 2008; Drent & Daan, 1980; Nilsson, 2002). Under the performance 
model an animal’s BMR reflects the minimum energetic cost of maintaining their ‘metabolic 
machinery’ that is used to support energy turnover and therefore determine their DEE. Under 
this model, the most active and energetically demanding metabolic systems, such as the heart, 
liver, muscles and alimentary tract, determine the maximum amount of energy that can be 
assimilated and the rate at which energy must be used to support said systems (Brzęk, et al. 
2007; Daan, Masman, & Groenewold, 1990; Russell & Chappell, 2007). Individuals with 
higher basic maintenance costs (i.e. higher BMR) are therefore expected to express more 
energetically costly behaviours, such as bold exploratory behaviour associated with a fast 
pace-of-life, to facilitate their higher energy demands (Careau et al. 2008; Réale et al. 2010).  
The performance model suggests that the benefits and costs associated with variation 
in BMR are highly dependent on differences in individual physiological state and 
environmental conditions (Careau & Garland 2012). Individuals with a high BMR are 
hypothesised to have increased fitness in ‘productive’ environments with high food 
availability. Such high BMR individuals presumably have larger metabolic engines (i.e. 
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larger metabolically active organs) that allow them to assimilate larger amounts of energy in 
the form of food from the environment – thereby increasing their rates of growth and 
reproduction. The fitness of these same individuals, however, might be disadvantaged when 
faced with ‘poor’ environmental conditions in which they are unlikely to acquire the energy 
required to sustain their high maintenance costs. Conversely, individuals with a low BMR are 
hypothesised to have greater fitness in the same ‘poor’ environmental conditions. They do not 
require as much energy due to their low basic maintenance costs and therefore are not as 
adversely affected by a decrease in available food resources as animals with a high BMR.  
In contrast, the allocation model of energy management proposes that, in accordance 
with the principle of allocation, any increase in BMR will decrease the energy available for 
non-resting components of the energy budget and that consequently there is a negative 
correlation between BMR and DEE (Figure 1.3b; Biro & Stamps 2010; Careau et al. 2008; 
Metcalfe, Taylor, & Thorpe 1995). Since maintenance energy costs can contribute to greater 
than a third of an animal’s total DEE, having a lower BMR than another animal of the same 
size could provide fitness benefits. In contrast to the performance model, the allocation model 
predicts that individuals with the lowest BMR (i.e. low basic maintenance costs) should be 
able to allocate a greater proportion of their daily energy budget to productive functions such 
as growth and reproduction. Conversely, animals with a high BMR must invest a larger 
proportion of their DEE into self-maintenance, thereby reducing the amount of energy that 
they can invest into growth and reproduction. Under the allocation model a high BMR can be 
disadvantageous, but only assuming that DEE is similar between individuals with varying 
BMR.  
The independent model of energy management states that the amount of energy 
available beyond basic maintenance costs is independent of BMR (Figure 1.3c; Careau et al. 
2008; Mathot & Dingemanse 2015). Essentially, one would expect to observe increased 
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levels of behavioural traits related to energy acquisition in individuals with a high BMR as 
they require more energy to cover their basic maintenance costs, but at the same time observe 
no variation in traits related to energy expenditure, for example, growth rate and reproductive 
output. Alternatively, the ability to exhibit plasticity in maintenance energetic requirements 
might also provide benefits to fitness (Figure 1.3d). 
 
 
Figure 1.3 Contrasting hypothesis make predictions about how animals allocate energy resources 
between basic maintenance costs and active processes such as growth and reproduction. (a) The 
performance model proposes that an increase in maintenance energy costs requires a corresponding 
increase in daily energy expenditure (DEE) to facilitate the higher maintenance energy requirements. 
(b) In contrast, the allocation model proposes that any increase in maintenance energy costs will 
reduce the amount of energy available for active processes. (c) The independent model proposes 
that the amount of energy available beyond basic maintenance costs is independent of DEE. (d) 
Alternatively, animals might be able to reduce their maintenance energy costs to increase the 
amount of energy available for production.  
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1.4 METABOLIC RATE RESPONDS TO INTRINSIC AND EXTRINSIC CONDITIONS 
A critical point that is often overlooked in endothermic species is that BMR fails to account 
for the adaptive thermoregulatory mechanisms used by a wide range of mammals to adjust 
RMR and DEE (Figure 1.4). Metabolism can respond to changes in intrinsic state (i.e. 
pregnancy or pathogen infection) and environmental conditions such as normal daily 
fluctuations in rainfall, Ta and resource availability as well as random events such as fires, 
storms and heat waves (Lovegrove 2003; Nowack, Stawski, & Geiser 2017). 
 
Figure 1.4 The metabolic response to air temperature (Ta) and body temperature (Tb) varies among 
endotherms and ectotherms. (a) When exposed to Ta’s below their thermoneutral zone (TNZ) 
heterothermic animals can either maintain a constant Tb by increasing resting rate (RMR; solid black 
line) to increase endogenous heat production or reduce their Tb and RMR (dotted red line) to 
conserve energy. This creates a scenario where there can be a large amount of variation in RMR 
below the TNZ. (b) In ectothermic species, thermoregulation is achieved through behavioural means 
whereby individuals regulate Tb by controlling exposure to Ta, metabolic rate then responds to 
variation in Tb. Consequently, there is less variation in standard metabolic rate (SMR) at a single Ta. 
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Some mammal and bird species can reduce their metabolic rate in response to both 
extrinsic and intrinsic stimuli to 5-30% of BMR during bouts of torpor (Geiser 2004). Such a 
reduction in metabolic rate significantly reduces maintenance costs and therefore has an 
impact on an individual’s DEE. Torpor is a controlled reduction in Tb, metabolic rate and 
other physiological functions and is used by animals to conserve energy when faced with 
poor environmental conditions such as shortage of food or increased risk of predation (Geiser 
2004; Gilbert et al. 2010; Heldmaier & Ruf 1992). A small reduction in Tb can drastically 
reduce resting energy costs thereby generating large energy savings that can be directed into 
other functions, for example, to increase time spent foraging the following day, or increase 
the energy available for growth and reproduction.  
Torpor can be used by small mammal species as a survival mechanism during winter. 
For example, stripe-faced dunnarts (Sminthopsis macroura) from a wild population were able 
to reduce their DEE by up to 90% by using torpor (Körtner & Geiser 2008). This reduced 
their thermoregulatory costs and led to significant energy savings that were needed to 
overcome energetic challenges (i.e. increased need to thermoregulate due to lower Ta and 
reduced food availability). Torpor has also been recorded as an energy saving mechanism 
during summer in a species of small tree-roosting microbat (Vespadelus pumilus; Turbill, 
Law, & Geiser 2003). Thermoregulatory energy saving mechanisms such as torpor are used 
by a wide range of species and in different environmental and physiological contexts. Such 
thermoregulatory effects on RMR for endotherms are clearly important yet are largely 
ignored by most studies which aim to link variation in energy expenditure with components 
of fitness.  
The use of energy-saving mechanisms is particularly important in unproductive and 
hypervariable climatic regions such as Australia where greater than 40% of native mammal 
species regularly use torpor or hibernation (Geiser & Körtner 2010). Within Australia, studies 
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have shown that some animals will also enter a torpid state in response to severe climatic 
events. Sugar gliders (Petaurus breviceps) for example were found to increase their use of 
torpor during an intense storm where average wind speeds were 37 km h-1 above average 
(Nowack et al. 2015). The brown antechinus (Antechinus stuartii), a small dasyurid 
marsupial, has been shown to increase torpor use during fires to survive in situ (Stawski et al. 
2015). By entering a torpid state, they were able remove themselves from the direct impact 
and intensity of the fire (i.e. by burrowing). Furthermore, the continued use of torpor in the 
post-fire landscape reduced foraging requirements and exposure to predators. 
Interestingly, individual propensity to enter torpor under the same conditions varies 
within species. Strains of laboratory mice, for example, exhibit large consistent differences in 
their propensity to use torpor in response to food restriction (Rikke et al. 2003). A functional 
link between individual differences in torpor use, activity and DEE has been described in 
Djungarian hamsters (Phodopus sungorus), whereby exposure to food shortage prompted 
increased foraging effort in some individuals but reduced activity and torpor use others (Ruf 
et al. 1991). Metabolic rate does indeed vary within- and among-individuals in response to 
environmental change. As such, we propose that individual variation in metabolic responses 
to environmental conditions should be considered as unique and important traits and included 
into the current framework trying to link individual variation in energy expenditure with 
other physiological, behavioural and life-history traits. 
1.5 THESIS AIMS AND STRUCTURE 
The overall aim of this thesis was to examine the relationships among various measures of 
energy expenditure and determine whether metabolic responses to environmental conditions 
can be consistent and important individual traits. Metabolic responses to environmental 
conditions, such as the use of torpor in response to energetic stress, are clearly important and 
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as such might provide insight into how metabolism relates to other physiological, behavioural 
and life-history traits. Thus, I hypothesised that individuals would exhibit differences in their 
metabolic responses to environmental conditions and that these differences would have 
important biological consequences.  
  These predictions were tested using a population of genetically and phenotypically 
diverse laboratory mice (Mus musculus) under controlled laboratory conditions to enhance 
the probability of detecting co-variation in traits in animals that were kept under standardised 
conditions. Conducting these experiments under standardised laboratory conditions allowed 
us to standardise possible ecological causes of variation (e.g. predation risk) among 
individuals enabling us to determine if any of the measured variation had direct physiological 
causes. 
Chapter Two A key assumption in animal ecology and physiology is that variation in 
BMR reflects variation in overall energy expenditure. Current studies that test the POLS 
hypothesis use BMR as a standardised index to reflect how animals allocate energy into work 
such as behaviour, growth or reproduction. However, BMR has limitations and might not 
accurately reflect how animals use energy in variable environments. In chapter two, I 
developed metabolic reaction norms to two of the most significant environmental conditions 
– Ta and food availability. The metabolic reaction norms provide comprehensive information 
on different aspects of metabolism including thermal physiology, response to starvation and 
daily energy requirements. I also calculated the short-term, long-term and average 
repeatability of these metabolic reaction norms by measuring them repeatedly in the same 
individuals over a one-year period. Furthermore, I tested the assumption that variation in 
BMR reflects variation in energy expenditure by determining the correlations between RMR 
measured within the TNZ (equivalent to BMR except for the possible influence of food on 
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days when food was available), RMR measured below the TNZ (representing variation in 
thermal physiology), and DEE (reflecting average energetic requirements).  
Chapter Three Under the POLS hypothesis, individual variation in metabolism is 
predicted to co-vary with individual variation in behaviour such that individuals express a 
correlated suite of traits along the fast – slow POLS axes. To demonstrate the existence of 
integrated behavioural syndromes it is important that individuals exhibit consistency in their 
expression of behavioural traits. Therefore, in chapter three, I calculated the repeatability of 
behavioural traits (i.e. consistent personalities) by measuring individual responses to an open-
field behavioural test repeatedly over a one-year period. In combination with data collected in 
chapter two, I determined if predicted individual differences in behaviour were correlated 
with predicted individual differences in seven different components of metabolism, measured 
as reaction norms to Ta and food availability.  
Chapter Four It is hypothesised that metabolic rate is important in modulating 
energetic trade-offs between growth, reproduction and self-maintenance, yet the nature of a 
relationship between different components of metabolism and indices of fitness are 
infrequently tested and remain poorly understood (Burton et al. 2011). Therefore, in chapter 
four, I tested how reproductive fitness (measured as litter size and offspring growth rate) was 
correlated with predicted individual differences in different components of metabolic reaction 
norms to Ta and food availability derived from the models developed in chapter two. 
Chapter Five It is important to understand the proximate mechanisms that contribute 
to individual variation in different components of metabolism including metabolic responses 
to environmental conditions. Metabolic rate is essentially the sum of metabolic rate measured 
across all tissues (Schmidt-Nielsen 1984). Hence individual variation in organ mass is one 
physiological factor that could influence individual variation in metabolic responses to 
environmental conditions. Thus, in chapter five I aimed to determine if individual variation in 
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organ mass is a potential proximate mechanism underlying individual variation in metabolic 
responses to environmental conditions. 
1.6 MODEL SPECIES: DIVERSITY OUTBRED LABORATORY MICE 
The Diversity Outbred strain of laboratory mouse was developed by The Jackson Laboratory 
(Bar Harbor, ME, USA) by random outcross mating of 160 Collaborative Cross recombinant 
inbred lines (Figure 1.5). The parental line – Collaborative Cross – was developed by 
crossing eight different strains of laboratory and wild-derived mice that represented the three 
major M. musculus subspecies (M. m. musculus, M. m. domesticus, and M. m. castaneous: 
A/J, C57BL/6J, 129Sv/ImJ, NOD/LtJ, NZO/H1J, CAST/EiJ, PWK/PhJ, and WSB/EiJ; 
Churchill et al., 2004, 2012). The Diversity Outbred strain is an excellent model species for 
measuring individual variation in metabolic, behavioural and other life-history traits as they 
have been bred as the most genetically and phenotypically diverse mouse strain available. 
The eight parental strains alone capture approximately 90% of the known genetic variation 
associated with laboratory mice originating from Mus musculus (Threadgill & Churchill 
2012). We chose this strain for its genetic and phenotypic diversity, that ensured individuals 
would exhibit a diversity of metabolic responses thereby allowing us to make comparisons 
between phenotypes. 
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Figure 1.5 The Diversity Outbred strain of laboratory mice exhibits a wide range of phenotypic traits. 
Image © The Jackson Laboratory. 
Wild Mus musculus are small, nocturnal and omnivorous rodents, generally weighing 
around 20 g (Phifer-Rixey & Nachman 2015). Mice from the Diversity Outbred strain are 
significantly larger than wild caught Mus musculus, with adult females and males weighing 
approximately 28.2 ± 3.7 g and 39.2 ± 6.6 g, respectively (based on data collected in this 
study). In the wild, Mus musculus experience a fast pace-of-life due to the relatively high-risk 
of mortality by an extrinsic factor (e.g. predation). In fact, many wild mice do not survive 
past three months old, despite having the capacity for a lifespan of around two years (Berry & 
Jakobson 1971). As such there is greater selection pressure for mice to reproduce at an early 
age, and to produce a large amount of offspring. Despite differences in body mass and 
reduced pressure from extrinsic factors, the Diversity Outbred strain experiences an 
equivalent life-history becoming sexually mature between 6 to 8 weeks of age and 
experiencing a short gestation period of around 20 days (Phifer-Rixey & Nachman 2015). 
1.7 METABOLIC AND BEHAVIOURAL PHENOTYPING SYSTEM 
The Promethion® metabolic screening system (Sable Systems, Las Vegas, NV, USA) 
provides synchronised metabolic and behavioural data and has a unique ‘live-in’ design. 
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Animals can live in the metabolic measurement chambers indefinitely in an environment that 
is synonymous to their normal home-cage environment, albeit with a few extra ‘novelty’ 
devices. The chambers included a running wheel and weight module that provided real time 
data on wheel revolutions and body mass when the animals interacted with the different 
elements (Figure 1.6). The design of the Promethion system also allows for food availability 
to be regulated with only minimal disruption to the mice by means of a programmable door 
attached to the food hopper. The metabolic chambers can be kept in an incubator to allow for 
precise control over environmental conditions such as Ta and light. These features decrease 
the need to handle animals, reduce stress and promote normal activity to provide us with the 
best possible means of measuring reaction norms of phenotypic traits in a laboratory 
environment. Additionally, since the animals can live in the system over long time periods, 
we can measure multiple metabolic components (e.g. DEE and RMR). The high throughput 
capacity of the Promethion system (up to 16 animals at a time) allowed measurement of 97 
mice up to three times over their lifespan providing a lot of statistical power to investigate 
mean responses and repeatability of those responses.    
 
Figure 1.6 Promethion metabolic measurement chamber. Image © Sable Systems. 
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1.8 REACTION NORMS 
Variation in phenotypic expression over an environmental gradient can be characterised as a 
reaction norm (Scheiner 1993; Schlichting & Pigliucci 1998). Reaction norms consist of an 
intercept, representing the phenotype under average or ‘normal’ conditions, and slope, 
representing the level of phenotypic plasticity in response to an environmental gradient. 
Reaction norms therefore provide an integrative framework for the analysis of individual 
variation in phenotypic expression and plasticity. 
 Reaction norms have been used to describe individual variation in behaviour (Biro & 
Stamps 2010; Dingemanse et al. 2010; Fuller, Sarkar, & Crews 2005; Mitchell & Biro 2017; 
Stamps 2016), life-history traits (Westneat et al. 2011), and more recently, metabolism (Briga 
& Verhulst, 2017; Careau et al., 2014; Kaseloo, Crowell, & Heideman, 2014; Nespolo, 
Opazo, & Bozinovic, 2001; Petit & Vézina, 2014). Given that energy is often limited and 
variable over time and space, and that animals sometimes require high rates of energy 
expenditure (i.e. at cold Ta’s, when growing or caring for young), it is important to 
understand whether individual differences in metabolic responses, as described by reaction 
norms are 1) consistent across a range of ecologically relevant gradients and time frames; and 
if they 2) provide a useful way to describe individual differences in energy expenditure that 
are relevant to fitness.  
 Reaction norms can be determined by manipulating environmental variables and 
repeatedly measuring individual responses (be they metabolic, behavioural or life-history) 
over time. From this point, variation in the intercept and slope of each reaction norm can be 
partitioned within and among individuals and sampling periods (i.e. trial*ID - a unique 
identifier combining individual and trial number). The ‘trial*ID’ effect, representing the 
measurements of each individual at each time point, allows for the expression of the reaction 
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norms to be grouped according to the temporal dependency of all observations. This allows 
for separate estimation of the variance associated with differences among mean values of 
intercept and slope for individuals and trial*ID and the remaining residual variance that 
represents the within-individual differences (Figure 1.7). The separate variance components 
can be determined using a linear mixed effects model (Araya-Ajoy, Mathot, & Dingemanse 
2015; Dingemanse et al. 2010; Nussey, Wilson, & Brommer 2007; Westneat et al. 2011): 
𝑦𝑖𝑗𝑘 = (β0 +  𝑖𝑛𝑑0𝑘 +  𝑡𝑟𝑖𝑎𝑙
∗𝐼𝐷0𝑗𝑘) + (β1 +  𝑖𝑛𝑑1𝑘 +  𝑡𝑟𝑖𝑎𝑙
∗𝐼𝐷1𝑗𝑘)𝑥𝑖𝑗𝑘 +  𝑒0𝑖𝑗𝑘         eqn. 1 
Where, the phenotypic response (𝑦𝑖𝑗𝑘) of individual k at instance i during a sampling 
period j (i.e. trial*ID), is modelled as a function of a covariate (𝑥𝑖𝑗𝑘). The measured 
phenotypic response is the sum of the individual’s deviation in reaction norm intercept 
(𝑖𝑛𝑑0𝑘) from the population-mean intercept (𝛽0), the individual’s deviation in reaction norm 
slope (𝑖𝑛𝑑1𝑘) from the population-mean slope (𝛽1), and the instance’s deviation from the 
individual’s (average) reaction norm (𝑒0𝑖𝑗𝑘). The addition of random intercepts and slopes for 
trial*ID allows for estimation of the individual’s average reaction norm intercept and slope 
over all trials, and the deviation of each trial*ID from the average trial*ID intercept 
(𝑡𝑟𝑖𝑎𝑙∗𝐼𝐷0𝑗𝑘) and slope (𝑡𝑟𝑖𝑎𝑙
∗𝐼𝐷1𝑗𝑘). This model assumes that deviations from the 
population-mean intercept and slope follow a multivariate normal distribution with a mean of 
zero and variance (Ω𝑖𝑛𝑑) that is estimated from the data. The covariances are defined by the 
among-individual variance in intercepts (𝑉𝑖𝑛𝑑𝐼) and slopes (𝑉𝑖𝑛𝑑𝑆), and the among-trial*ID 
variance in intercepts (𝑉𝑡𝑟𝑖𝑎𝑙∗𝐼𝐷𝐼) and slopes (𝑉𝑡𝑟𝑖𝑎𝑙∗𝐼𝐷𝑆). The variance error (𝑒0𝑖𝑗𝑘) is 
modelled following Gaussian distribution with a mean of zero and an estimated within-
individual variance (𝑉𝑒).  
The basic model presented in equation 1 includes only one covariate, however in 
practise multiple covariates might be predicted to affect the phenotypic response, and as such 
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the final model structure would also include these important covariates. Covariates that vary 
at the within-individual level (such as age or body mass when measured multiple times within 
the same individual) tend to reduce within-individual variance (𝑉𝑒), whereas covariates that 
vary at the among-individual level (such as sex) tend to reduce among-individual variance 
(Nakagawa & Schielzeth 2010).  
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Figure 1.7 Graphical representation of the variance components used to describe individual 
differences in reaction norms. In this example, metabolic rate to food availability is measured 
repeatedly in a ‘burst sampling’ experimental design. During trial 1 (solid symbols) and trial 2 (open 
symbols), metabolic rate was recorded for individual A (red diamonds) and B (blue circles) on two 
days under each of the environmental conditions (i.e. food and no food). The solid black line 
represents the population-mean intercept (𝜷𝟎) and slope (𝜷𝟏) for the reaction norm across all days 
and trials. Within a trial, the difference between the average intercepts fitted for individuals A and B 
represents additive phenotypic variance among individuals (𝑽𝒊𝒏𝒅𝑰). The difference between the 
average slopes fitted for individuals A and B represents the variance in phenotypic plasticity among 
individual reaction norms (𝑽𝒊𝒏𝒅𝑺). The variation among repeated data points measured for each 
individual represents the within-individual residual error (𝑽𝒆). To separately estimate the variance 
associated with the different trials (i.e. time component), a random effect of trial*ID is included for 
the intercept (𝑽𝑻𝒓𝒊𝒂𝒍∗𝑰𝑫𝑰) and slope (𝑽𝑻𝒓𝒊𝒂𝒍∗𝑰𝑫𝑺). Levels of the factor trial*ID denote combinations of 
individual identity and the trial number (e.g. A1 for individual A and trial 1).   
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Chapter 2  
BEYOND BASAL METABOLIC RATE: INDIVIDUAL VARIATION IN METABOLIC RESPONSES 
TO TEMPERATURE AND FOOD AVAILABILITY 
2.1 ABSTRACT 
There is growing interest in how individual variation in energy expenditure interacts with 
other physiological, behavioural and life-history traits, and its fitness consequences under 
varying environmental conditions. Individual variation in energy expenditure is often 
characterised in endothermic animals using a single index of metabolism under standard 
conditions – called basal metabolic rate (BMR). However, BMR does not encapsulate 
important aspects of the metabolic phenotype, especially variation in metabolic responses to 
environmental conditions  
Here, we applied a reaction norm approach to characterise baseline levels and 
plasticity of individual metabolic phenotypes for 97 Diversity Outbred laboratory mice in 
response to air temperature (Ta) and food availability. The metabolism of mice was measured 
during three multi-day respirometry trials spread over a one-year period. Reaction norms 
were fitted to describe individual differences in resting metabolic rate (RMR) in response to a 
decrease in Ta from 31 to 15 °C, and RMR at 31 °C, RMR at 15 °C and daily energy 
expenditure (DEE) in response to starvation. 
We found that individuals exhibit large differences in RMR at 31 °C, RMR at 15 °C 
and DEE and that they exhibit even larger differences in their metabolic response to Ta, and 
starvation, and to the interaction of these environmental factors (i.e. starvation response at 
different Ta). Remarkably, we found that average metabolic responses to starvation at 31 and 
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15 °C were highly repeatable over a one-year period, well beyond the life expectancy of a 
wild mouse. Individual variation in RMR at 15 °C and the response of RMR to starvation at 
15 °C were highly informative of individual variation in DEE, substantially more so than 
RMR measured under standard conditions (i.e. at 31 °C). Finally, we found that metabolic 
responses were correlated such that individuals displayed consistent syndromes in metabolic 
phenotypes under varying Ta and food availability.  
Our results indicate that measuring metabolic reaction norms to ecologically relevant 
environmental conditions is a valuable way to characterise important aspects of individual 
variation in energy expenditure that are likely to be relevant to fitness. 
2.2 INTRODUCTION 
Energy expenditure is a key physiological trait of animals that drives ecological patterns and 
physiological processes at individual to community levels. Differences in energy expenditure 
among individuals should be relevant to fitness because the rate of energy expenditure 
determines both the minimum amount of food energy an individual requires for its survival 
and its capacity to process energy required for activity, growth and reproduction. 
Physiologists wishing to characterise the relationships between energy expenditure and 
various behavioural, physiological and life-history traits in endothermic animals have relied 
almost exclusively on a single index of energy expenditure called basal metabolic rate (BMR; 
Burton et al. 2011; Lovegrove 2000; White & Seymour 2004). Basal metabolic rate is defined 
as the lowest metabolic rate of an adult endotherm when it is at rest, post-absorptive, non-
reproductive and within its thermoneutral zone (TNZ; Speakman, Król, & Johnson 2004). It 
is thought that BMR represents the minimum rate of metabolism required to sustain processes 
essential for life such as respiration (Speakman, Król, et al., 2004). This single index of 
metabolism is now also regularly applied to characterise among individual variation in energy 
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expenditure, in line with a recent surge in interest regarding how energy expenditure interacts 
with physiology, behaviour and life-histories at the individual level. Fundamentally, 
ecologists and physiologists want to understand the fitness consequences of individual 
variation in metabolic rate under different environmental conditions (Biro & Stamps 2008, 
2010; Dingemanse et al. 2010; Réale et al. 2010). It is questionable, however, whether BMR 
provides a useful index of the metabolic phenotype in the context of understanding individual 
differences in energy expenditure, its co-variation with other traits, and its fitness 
consequences under varying environmental conditions. 
The use of BMR has its history in the field of comparative physiology where it served 
a need for a standard measure of metabolism for all endothermic species (Speakman, Król, et 
al., 2004). Basal metabolic rate can provide an indication of differences in the magnitude of 
energy expenditure among-species. Relatively few studies, however, have tested the 
assumptions that individual variation in BMR correlates with variation in resting metabolic 
rate (RMR) at air temperatures (Ta) beyond the TNZ or other indices of energy expenditure. 
Most terrestrial mammal species are small (weighing < 100 g; Smith & Lyons 2011) and 
consequently have a relatively narrow TNZ and high rates of thermal conductance (Aschoff 
1981). Furthermore, BMR and the metabolic response to Ta can vary even over the short-term 
in response to environmental conditions or an individual’s current physiological state (e.g. a 
reduction in resting metabolism and body temperature in response to below maintenance 
intake of food energy; Geiser 2004; McCue 2010). Basal metabolic rate and the metabolic 
response to Ta can also vary over the long-term (e.g. change in average metabolic response 
linked to season or age; White & Kearney 2013; White, Schimpf, & Cassey 2013). We feel it 
remains strongly questionable whether BMR adequately represent the biologically 
meaningful variation in energy expenditure among-individuals.  
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Variation in BMR has limited usefulness as a predictor of variation in energy 
expenditure among species after considering factors that can have independent effects on 
both metabolic traits such as body mass (mb), shared phylogenetic history and ecological 
factors including Ta, rainfall and latitude (Lovegrove 2000; Speakman 1999). For example, a 
moderate correlation between mb-corrected BMR and field metabolic rate (FMR; daily 
energy expenditure [DEE] measured in free-ranging animals) among reproducing bird species 
(r2 = 0.20 to 0.23; Koteja, 1991; Ricklefs, Konarzewski, & Daan, 1996) was no longer 
significant after accounting for phylogenetic relatedness (Ricklefs, Konarzewski, & Daan 
1996). A moderate correlation between mb-corrected BMR and FMR has also been shown 
among mammal species (r2 = 0.31 to 0.49, p ≤ 0.002; Koteja 1991; White & Seymour 2004). 
However, when analysed at lower taxonomic levels, the correlation remained significant 
within Eutheria (r2 = 0.69, p < 0.001) and Rodentia (r2 = 0.43 to 0.81, p ≤ 0.011), but not 
within Marsupialia (r2 = 0.004, p = 0.87), Chiroptera (r2 = 0.49, p > 0.05) and  
Diprotodontia (r2 = 0.85, p > 0.05). A thorough stepwise analysis performed by Speakman 
(1999) that examined the correlation between BMR and FMR in 58 small mammal species 
(weighing less than 4 kg) showed that BMR was a weak predictor of FMR after excluding 
probable shared co-variance with other factors including mb, phylogenetic relatedness, Ta and 
latitude (r2 = 0.028, p = 0.242). Together these studies indicate that, although there can be a 
moderate correlation between BMR and FMR, the relationship is greatly weakened or non-
existent after accounting for phylogenetic effects, when focused on certain taxa and within 
smaller endotherms.  
Evidence for an important functional relationship between BMR and FMR is even 
less convincing within species and is highly dependent on energetic demands and 
environmental conditions. For instance, no correlation was shown between BMR and FMR 
when measured in free-ranging field voles (Microtus agrestis; Meerlo et al. 1997) or 
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kittiwakes (Rissa tridactyla; Fyhn et al. 2001). In agreement, no correlation was shown 
between individual variation in RMR at thermoneutrality (RMRt) and FMR in free-ranging 
field voles (Microtus agrestis) when measured within a study site, there was however a 
positive correlation when measured across four study sites of varying quality (Speakman et 
al. 2003). In free-ranging chipmunks (Tamias striatus), RMRt and FMR are correlated in 
reproductive individuals but not in non-reproductive individuals (Careau, Réale, et al., 2013). 
In the same study, individual variation in RMRt and FMR were correlated with different 
environmental variables; RMRt was correlated with season but not Ta, and FMR by Ta but not 
season. Together the results from these studies suggest that RMRt and FMR respond to 
different environmental cues, and that BMR might only be predictive of FMR under certain 
circumstances, for instance during periods with high energetic demands. In fact, we were 
only able to find significant positive relationships between BMR and DEE within-species in 
studies where workload was increased during reproduction by increasing brood size (Nilsson 
2002) or flight costs (Tieleman et al. 2008). Evidence from nearly three decades of research 
indicates that BMR is not a strong index of energy expenditure under a range of 
circumstances, yet its use with this assumption remains widespread. A reliance on BMR to 
characterise individual metabolic phenotypes to a large extent might reflect a lack of 
demonstrated suitable alternative methods to characterise individual metabolic phenotypes. 
We suggest that it is unreasonable to expect BMR alone to predict individual energy 
expenditure because it purposefully excludes critical ways in which metabolic rate can 
respond to differences in the physiological state and environmental conditions and how these 
average responses might differ among individuals. Indeed, current hypotheses predict 
different relationships between BMR and other components of the metabolic phenotype . For 
example, the compensation hypothesis or allocation model of energy management proposes a 
negative relationship between BMR and DEE. Under this model a high BMR encompasses 
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large proportion of the total daily energy expenditure thereby reducing the amount of energy 
available for other processes (Careau et al. 2008; Metcalfe, Taylor, & Thorpe 1995; Nilsson 
2002). In contrast, the increased intake hypothesis or performance model of energy 
management proposes a positive relationship between BMR and DEE. Under this model a 
larger BMR drives a higher DEE due to higher overall energy demands (Burton et al. 2011; 
Careau et al. 2008; Drent & Daan 1980; Nilsson 2002). It is unlikely that BMR represents 
both (or either) at the individual level. A reliance on BMR to characterise the metabolic 
phenotype of an endotherm has, we argue, confounded theoretical and empirical endeavours 
to integrate metabolism with other physiological, behavioural and life-history traits (e.g. as 
proposed by the pace-of-life syndrome hypothesis; Réale et al. 2010). 
Endotherms are characterised by their ability to raise their body temperature (Tb) 
substantially above the environmental Ta by means of metabolic heat production. While Tb 
follows a daily circadian rhythm (Refinetti & Menaker 1992), it can also respond to seasonal 
and short-term effects, such a decrease in food availability and/or Ta. A shallow reduction in 
Tb is a common response to starvation in order to reduce thermoregulatory costs (McCue 
2010). Even large predominantly homeothermic animals like red deer can lower their Tb in 
response to food restriction to generate savings in DEE (Turbill, et al. 2011). Some 
endotherms can, however, substantially lower their Tb by entering a state of torpor (Geiser 
2004). Torpor can have a large effect on metabolic rate and generate substantial savings in 
DEE. The BMR of a small endothermic animal, such as a mouse, can be reduced by up to 
95% during torpor bouts (Geiser 2004). Torpor use is a common strategy among small 
mammal and bird species for adjusting energy expenditure in response to daily and seasonal 
fluctuations in Ta, rainfall and food availability (Geiser 2004; Körtner & Geiser 2008; Ruf et 
al. 1991) and in response to extreme climatic events such as fires, storms, droughts and heat 
waves (Geiser & Brigham 2012; Nowack et al. 2015; Nowack, Stawski, & Geiser 2017). Not 
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only does torpor have a large effect on metabolic rate, but torpor expression in response to 
food restriction and/or cold Ta appears to differ consistently among- and within-individuals in 
the same population (Dikic, Heldmaier, & Meyer 2008; Sheafor & Snyder 1996). Hence such 
among-individual variation in metabolic responses to food availability and Ta could be more 
meaningful than BMR when predicting individual variation in energy expenditure and might 
be relevant to fitness. 
To understand the fitness consequences of among-individual variation in energy 
expenditure, we suggest it is necessary to move beyond BMR and explore alternative 
approaches to characterising individual variation in metabolic phenotypes. Variation in 
phenotypic expression over an environmental gradient (i.e. plasticity) can be characterised as 
a reaction norm (Scheiner 1993; Schlichting & Pigliucci 1998). Reaction norms include an 
intercept, representing the phenotype under average or ‘normal’ conditions, and a slope, 
representing the level of phenotypic plasticity in response to an environmental gradient. The 
reaction norm approach has been applied to describe consistent individual variation in 
behaviour (Biro & Stamps 2010; Dingemanse et al. 2010; Fuller, Sarkar, & Crews 2005; 
Mitchell & Biro 2017; Stamps 2016), life-history traits (Westneat et al. 2011), and more 
recently also metabolism (Briga & Verhulst, 2017; Careau et al., 2014; Kaseloo et al., 2014; 
Nespolo et al., 2001; Petit & Vézina, 2014). To validate the reaction norm approach for the 
purpose of characterising among-individual variation in metabolic rate and energy 
expenditure it is important to consider several questions: First, do individuals differ in their 
responses to variation in environmental conditions? Second, are these differences repeatable 
over time periods relevant to life expectancy? Third, are these responses heritable? Finally, 
are different components of metabolism and energetics correlated, so that individuals exhibit 
consistent and integrated metabolic phenotypes? If the answer is yes to these questions, it 
would indicate that metabolic reaction norms are relevant to fitness. Thus, metabolic reaction 
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norms might be more useful than BMR in the context of understanding how individual 
variation in metabolic rate should co-vary with other traits as proposed by the pace-of-life 
syndrome hypothesis. 
Here, we applied a reaction norm approach to quantify among-individual variation in 
the response of RMR and DEE to variation in Ta and food availability, arguably two of the 
most important environmental conditions that influence the energetics of endothermic 
animals. As a model system, we investigated the metabolic reaction norms of a strain of 
laboratory mouse that was bred to contain a diverse genome and express a wide range of 
phenotypes (Churchill et al., 2004, 2012). We repeatedly measured the energy expenditure of 
a large sample of mice over approximately one year. During three multi-day respirometry 
trials individuals were exposed to varying Ta within each day and 24-h food withdrawal every 
second day. By using a multiplexed ‘live-in’ respirometry system and a model animal 
comfortable with the respirometry chambers as a home environment, we could measure all 
aspects of energy expenditure over entire days under relatively normal conditions for the 
study animals.  
Our comprehensive sampling design and large sample size allowed us to quantify 
within- and among-individual effects with acceptable precision on both intercepts and slopes 
of two separate and interacting metabolic reaction norms (i.e. Ta and 24-h starvation) and 
their variation over time (i.e. repeatability) at different time scales (representing the best 
scenario [3] in the modelling approaches outlined by Dingemanse & Dochtermann 2013). We 
used these data to estimate the effect sizes and proportion of variance attributable to within- 
versus among-individual differences in the intercept and slope of: RMR to a decrease in Ta 
from 31 to 15 °C; RMR at 31 and 15 °C to starvation; and DEE to starvation. We then tested 
for correlations among the predicted individual differences in each of the seven metabolic 
reaction norm components measured. 
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2.3 METHODS 
2.3.1 ANIMAL MODEL AND STUDY DESIGN 
For this study we used a Diversity Outbred strain of laboratory mouse (JAX stock #009376, 
The Jackson Laboratory, Bar Harbor, ME, USA) that was derived by random outcross mating 
of 160 collaborative cross recombinant inbred lines to create a highly genetically and 
phenotypically diverse mouse strain (Churchill et al. 2004, 2012). Mice were kept at the 
Western Sydney University Animal Facility (Hawkesbury Campus, Richmond, NSW, 
Australia) and held individually in standard passively ventilated mouse cages (floor area: 530 
cm2; type 1284L; Techniplast, Italy) at 22 °C on a constant 12:12h light:dark cycle (lights on 
07:00 h). Mice had ad libitum access to water and meat-free maintenance rodent pellets 
(Specialty Feeds, Australia). All experimental procedures were conducted in accordance with 
the Australian government’s NHMRC code for the care and use of animals for scientific 
purposes (National Health and Medical Research Council 2013) and were approved by the 
Animal Care and Ethics Committee at Western Sydney University (Approval A11139 and 
A11401). 
Individual metabolic reaction norms were characterised repeatedly in the same mice 
within and among three respirometry trials to determine the response of: 1) RMR to a 
decrease in Ta from 31 to 15 °C, and 2) RMR at 31 °C (RMR31), 3) RMR at 15 °C (RMR15), 
and 4) DEE to starvation. Trials lasted 3 or 4 days and were conducted over approximately 12 
months between August 2015 and July 2016 (Figure 2.1; see Appendix I for details on 
respirometry). In total we collected metabolic data for 97 mice, typically with three trials per 
mouse (NID*Trial = 271). Oxygen consumption and carbon dioxide production was measured 
every 4 minutes over entire days using a 16-animal, ‘live-in’ metabolic and behavioural 
phenotyping system (Promethion®, Sable Systems, Las Vegas, NV, USA). A pull-mode of 
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open-flow respirometry (flow rate 2 L/min), use of high-resolution analysers and application 
of the Z-correction technique (Bartholomew, Vleck, & Vleck 1981; Pendar & Socha 2015) 
allowed the mice to be measured in large, unsealed chambers that closely resembled their 
home cages (365 × 207 × 140mm; 10.58 L volume; type 1284L; Techniplast, Italy).  
 
 
Figure 2.1 Sequence of the experiment showing descriptive statistics for each respirometry trial. 
 
Mice were weighed (correct to 0.1 g) and placed into measurements chambers 
between 14:00 and 15:00 h. Measurements commenced from 16:00 h, marking the beginning 
of day 1. Because we were interested in describing the mice’s response to food availability 
during the previous night phase, we determined that an experimental day of the respirometry 
trial was designated as the period between 16:00 and 15:59 h of the subsequent day. The 
incubators were kept on a 12:12h light:dark cycle (lights on 07:00 h). Measurements ceased 
at 16:00 h on the final day of the trial (day 3 trial 1; day 4 trials 1 & 3), at which point mice 
were removed from the system and weighed. Each day during a trial, between 16:00 and 
17:59 h the incubator doors were opened briefly to check each animal’s welfare, the status of 
the food access doors and to change running wheel access. 
The metabolic response to Ta was measured by exposing mice to a daily Ta regime 
within each trial (Figure 2.2a) that varied between 31 °C (12:00 – 19:59 h), 20 °C (20:00 – 
03:59 h) and 15 °C (04:00 – 11:59 h). The metabolic response to food availability was 
measured by exposing mice to two 24-h periods of starvation on days 1 and 3 of each trial. 
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For each day, within each trial, RMR31 represented the lowest running average of 3 recorded 
values (i.e. over 12 minutes) with a coefficient of variation ≤ 10% during the period of the 
day when Ta was 31 °C (13:00 – 15:59 h). Similarly, RMR15 represented the lowest running 
average of 3 recorded values (i.e. over 12 minutes) with a coefficient of variation ≤ 10% 
during the period of the day when Ta was 15 °C (05:00 – 11:59 h). Daily energy expenditures 
were derived by calculating the average metabolic rate (W) over the day excluding a 2-hour 
period from 16:00 – 17:59 h during which time the incubator doors were open (i.e. 22 h) and 
converting to an average daily amount (kJ 24 h-1). The repeated daily estimates of these 
metabolic traits were then used to derive average individual reaction norms (see Chapter 
2.3.4). 
2.3.2 STATISTICAL ANALYSIS 
Data analysis was completed using the software R version 3.2.3 interfaced with RStudio 
version 1.0.136 (R Core Team 2015; RStudio Team 2016). Means are presented ± 1 SD. 
Three individuals with a mb greater than three SDs away from the population-mean were 
excluded from the analyses, as they had likely pathological abnormalities. Relationships 
between mb and RMR31, RMR15 and DEE were examined using linear regression models 
(LM). The residuals from these regressions were used to examine the relationships between 
mb-corrected DEE and mb-corrected RMR31 or RMR15.  
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Figure 2.2 Metabolic rate measured in two female mice with contrasting metabolic phenotypes. (a) 
Metabolic rate (MR; solid line) was measured in response to within-day variation in air temperature 
(Ta; dashed line) combined with 24-h periods of starvation (shaded bars at top) recorded during a 4-
day respirometry trial. For each day resting metabolic rate (RMR) at 31 and 15 °C were derived from 
the lowest MR averaged over 12 minutes. Daily energy expenditures (DEE) were derived by 
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calculating the average MR over an entire day (excluding two hours between 16:00 to 17:59 h during 
which time animal welfare was checked) and converting to an average daily amount (kJ 24 h-1). 
Individual P040 (20.4 g) exhibited marked reductions in MR indicative of torpor bouts on days when 
food was not available during the lowest Ta of the rest phase (highlighted in yellow), whereas 
individual P026 (29.8 g) maintained high MR irrespective of food availability. (b) During the eight-
hour period of day three when the Ta was 15 °C, individual P040 exhibited three distinct torpor bouts 
(highlighted in grey) with an RMR of 0.12 W. During the same period individual P026 did not enter 
torpor and had an RMR of 0.39 W (red line shown at 0.12 W for comparison among individuals). 
 
2.3.3 ESTIMATION OF METABOLIC REACTION NORMS 
By taking repeated measurements of reaction norms in a ‘burst sampling’ design (Araya-
Ajoy, Mathot, & Dingemanse 2015; Mitchell & Biro 2017), we can separately estimate the 
variance associated with differences among mean values of the intercept and slope for 
individuals, individuals by trial (i.e. trial*ID - a unique identifier combining individual and 
trial number) and the remaining residual variance, that represents the within-individual 
differences. To estimate the separate variance components for the metabolic reaction norms 
to Ta and 24-h starvation, we fitted linear mixed effects (LME) models (Araya-Ajoy, Mathot, 
& Dingemanse 2015; Dingemanse et al. 2010; Nussey, Wilson, & Brommer 2007; Westneat 
et al. 2011) using the restricted maximum likelihood method implemented by the package 
lme4 (Bates et al. 2015).  
The models included random effects on the intercept (subscript I) for both individual 
(𝑉𝑖𝑛𝑑𝐼; variance associated with differences among individuals) and trial*ID (𝑉𝑡𝑟𝑖𝑎𝑙∗𝐼𝐷𝐼; 
variance associated with differences among respirometry trials). The models also included 
random effects on the slope (subscript S) for the environmental gradient of interest (either Ta 
or food availability) among levels of individual (𝑉𝑖𝑛𝑑𝑆) and trial*ID (𝑉𝑡𝑟𝑖𝑎𝑙∗𝐼𝐷𝑆). The random 
effects structure also allowed us to capture within-individual variance (𝑉𝑒). While deliberating 
on the best model to estimate the effects of starvation and Ta on metabolism we considered a 
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model that included both the food condition and Ta as fixed effects, however due to the nature 
of our experimental design (i.e. response to starvation measured at two Ta’s and response to 
Ta measured under two food conditions) this model would not allow us to correctly estimate 
an intercept where conditions were not ‘normal’ (i.e. food available at 31 °C). As we were 
interested in the response to food under different Ta’s we chose to model the reaction norms 
to food separately at each Ta. 
Linear mixed effects models were applied to estimate four separate reaction norms: 1) 
RMR in response to a decrease in Ta from 31 to 15 °C on days when food was available 
(RMR-Ta), 2) RMR31, 3) RMR15 and, 4) DEE in response to starvation (RMR31-, RMR15-, 
and DEE-Food, respectively). In addition to the random effects, we included the following 
important fixed effects in all initial models: the environmental variable of interest (Ta or food 
availability), sex, mb, age, trial, day within trial, the respirometry chamber number, a mb × sex 
interaction, a mb × food or Ta interaction, and a sex × food or Ta interaction. In the model 
explaining DEE-Food, we also included a fixed effect of wheel use. Starting with this global 
model structure, we derived the most parsimonious fixed effects structure by removing the 
least significant fixed effects, starting with interaction terms, in a stepwise manner until only 
significant fixed effects remained (p < 0.05). P-values were calculated using the package 
lmerTest (Kuznetsova, Brockhoff, & Christensen 2016), that estimates denominator degrees 
of freedom using the Satterthwaite’s method of approximation. Residuals of all models were 
visually examined to ensure an approximately normal distribution with no clear outliers.  
To characterise reaction norms, the environmental condition of the intercept is 
typically coded to represent average levels (e.g. achieved by mean-centring the 
environmental variable). However, we set the intercept (0) of the RMR-Ta model to represent 
conditions of 31 °C with the slope representing the metabolic response to exposure to 15 °C 
within days (coded as -1). We set the intercept (0) of the reaction norm to food models to 
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represent ad libitum food availability, with the slope representing the response to starvation 
(coded as 1). In the RMR-Ta reaction norm we only included measurements of RMR when 
food was available as the metabolic response to food (and possible use of torpor) was 
captured in the RMR-Food reaction norms. Conditions at the intercept for the RMR31-Food 
model matched those required for BMR (i.e. RMR in rest-phase at thermoneutral Ta) apart 
from the availability of food and possible effect of feeding, although RMR31 was measured 
from 13:00 to 15:59 h, and food intake mostly occurred during the active phase of the 
previous night. 
2.3.4 REACTION NORM REPEATABILITY 
The variance components estimated for the random intercept and slope of individual and 
trial*ID for each reaction model were used to calculate estimates of repeatability for each 
trait. All repeatability values are presented with 95% confidence intervals (CI) that were 
calculated using a semi-parametric bootstrap method with 1,000 simulations (‘lme4’ package 
in R). We calculated repeatability three ways to estimate the proportion of variance in the 
intercept and slope of each reaction norm that could be explained by: 
1) Differences among-individuals for the intercept (eqn. 2.1a) or slope (eqn. 2.1b), where a 
high 𝑅𝑙𝑜𝑛𝑔𝑡𝑒𝑟𝑚 would indicate low within-individual variance in the intercept or slope of the 
reaction norm and hence high repeatability of the reaction norm component within-
individuals: 
𝑅𝑙𝑜𝑛𝑔𝑡𝑒𝑟𝑚𝐼 =  
𝑉𝑖𝑛𝑑𝐼
𝑉𝑖𝑛𝑑𝐼+ 𝑉𝑡𝑟𝑖𝑎𝑙∗𝐼𝐷𝐼+ 𝑉𝑒
   eqn. 2.1a 
𝑅𝑙𝑜𝑛𝑔𝑡𝑒𝑟𝑚𝑆 =  
𝑉𝑖𝑛𝑑𝑆
𝑉𝑖𝑛𝑑𝑆+ 𝑉𝑡𝑟𝑖𝑎𝑙∗𝐼𝐷𝑆
+ 𝑉𝑒
  eqn. 2.1b 
43 
 
2) Differences among-trial*ID for the intercept (eqn. 2.2a) or slope (eqn. 2.2b), where a high 
𝑅𝑠ℎ𝑜𝑟𝑡𝑡𝑒𝑟𝑚 would indicate low within-trial*ID variance in the intercept or slope of the 
reaction norm and hence high repeatability of the reaction norm component within-trials: 
𝑅𝑠ℎ𝑜𝑟𝑡𝑡𝑒𝑟𝑚𝐼 =  
𝑉𝑖𝑛𝑑𝐼+ 𝑉𝑇𝑟𝑖𝑎𝑙∗𝐼𝐷𝐼
𝑉𝑖𝑛𝑑𝐼+ 𝑉𝑇𝑟𝑖𝑎𝑙∗𝐼𝐷𝐼+ 𝑉𝑒
  eqn. 2.2a 
𝑅𝑠ℎ𝑜𝑟𝑡𝑡𝑒𝑟𝑚𝑆 =  
𝑉𝑖𝑛𝑑𝑆+ 𝑉𝑇𝑟𝑖𝑎𝑙∗𝐼𝐷𝑆
𝑉𝑖𝑛𝑑𝑆+ 𝑉𝑇𝑟𝑖𝑎𝑙∗𝐼𝐷𝑆
+ 𝑉𝑒
  eqn. 2.2b  
3) Differences among the mean estimated reaction norm intercept (eqn. 2.3a) and slope (eqn. 
2.3b), where 𝑅𝑎𝑣𝑒𝑟𝑎𝑔𝑒 ignores within-individual variance (i.e. residual variance) and instead 
focuses on the mean reaction norm. Therefore high 𝑅𝑎𝑣𝑒𝑟𝑎𝑔𝑒 would indicate that traits were 
highly repeatable regardless of individual variation in the intercept or slope of the reaction 
norm: 
𝑅𝑎𝑣𝑒𝑟𝑎𝑔𝑒𝐼 =  
𝑉𝑖𝑛𝑑𝐼
𝑉𝑖𝑛𝑑𝐼+ 𝑉𝑇𝑟𝑖𝑎𝑙∗𝐼𝐷𝐼
    eqn. 2.3a 
𝑅𝑎𝑣𝑒𝑟𝑎𝑔𝑒𝑆 =  
𝑉𝑖𝑛𝑑𝑆
𝑉𝑖𝑛𝑑𝑆+ 𝑉𝑇𝑟𝑖𝑎𝑙∗𝐼𝐷𝑆
    eqn. 2.3b 
2.3.5 REACTION NORM CORRELATIONS 
We tested for correlations among the different reaction norm components using the variance 
estimated for the random intercept and slope at the individual level (𝑉𝑖𝑛𝑑𝐼 and 𝑉𝑖𝑛𝑑𝑆). These 
best linear unbiased predictors (BLUPs) represent the predicted individual differences from 
the population mean intercept and slope for each individual. The Pearson’s correlation 
coefficient and associated p-values were calculated for each combination of traits. We used 
the Benjamini-Hochberg procedure (BH) to compensate for the inflated risk of Type 1 errors 
associated with performing multiple simultaneous tests. 
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2.4 RESULTS 
2.4.1 BODY MASS AND THE METABOLIC RESPONSE TO AIR TEMPERATURE AND FOOD AVAILABILITY 
Mice generally increased metabolic rate in response to colder Ta, and decreased DEE when 
food was not available (Figure 2.3). Yet individuals exhibited large differences in their 
responses, particularly to the combination of starvation and Ta 15 °C. Whereas some 
individuals maintained a consistently high metabolic rate regardless of food availability (e.g. 
P026; Figure 2.2), others greatly reduced metabolic rate during days without food and 
exhibited apparent periods of torpor (e.g. P040; Figure 2.2). On days when food was 
available RMR averaged 0.46 ± 0.09 W at 15 °C, and 0.23 ± 0.06 W at 31 °C. Whereas, on 
days when food was not available RMR averaged 0.31 ± 0.13 W at 15 °C and 0.19 ± 0.05 W 
at 31 °C (Figure 2.3a). When food was available mean DEE was 50.81 ± 9.17 kJ 24 h-1 in 
female mice and 54.78 ± 9.99 kJ 24 h-1 in male mice, whereas when food was not available 
mean DEE decreased to 38.52 ± 7.45 kJ 24 h-1 in female mice and 44.38 ± 8.60 kJ 24 h-1 in 
male mice (Figure 2.3b). 
There was a linear relationship between mb and RMR31, RMR15 and DEE, both 
when food was available and when it was not available. Body mass explained 14.5% of the 
variation in RMR31 when food was available (F1,429 = 72.87, p < 0.0001) and 22.0% when 
food was not available (F1,540 = 152.53, p < 0.0001; Figure 2.4a). Body mass explained 
30.8% of variation in RMR15 when food was available (F1,431 = 191.51, p < 0.0001) and 
33.1% when food was not available (F1,540 = 267.07, p < 0.0001; Figure 2.4b). Body mass 
explained 26.2% of variation in DEE when food was available (F1,429 = 152.44, p < 0.0001) 
and 41.3% when food was not available (F1,540 = 379.66, p < 0.0001; Figure 2.4c). 
The mb-corrected residuals of DEE were correlated with the mb-corrected residuals of 
RMR31 when food was available (F1,429 = 118.66, p < 0.0001), and food was not available 
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(F1,540 = 357.93, p < 0.0001; Figure 2.5a). Likewise, mb-corrected residuals of DEE were 
correlated with the mb-corrected residuals of RMR15 when food was available (F1,429 = 
378.81, p < 0.0001), and food was not available (F1,540 = 393.16, p < 0.0001; Figure 2.5b). 
 
 
Figure 2.3 Population wide metabolic responses to air temperature and food availability. (a) Resting 
metabolic rate (RMR) measured at 31 and 15 °C and (b) and daily energy expenditure (DEE) in 
response to starvation in mice (n = 96). Boxes display the mean (diamond), median (mid-line) and 
data within the 25th and 75th percentiles (box), whiskers extend to the largest and smallest values 
no further than 1.5 × inter-quartile range and data beyond the whiskers are outliers. 
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Figure 2.4 Relationship between body mass and metabolism. (a) Resting metabolic rate (RMR) at 31 
°C when food was available (green fill; RMR31 (W) = 0.148 + 0.0029 mass (g)) and when food was not 
available (blue fill; RMR31 (W) = 0.102 + 0.0032 mass (g)); (b) RMR at 15 °C when food was available 
(RMR15 (W) = 0.260 + 0.0068 mass (g)) and when food was not available (RMR15 (W) = 0.045 + 
0.0095 mass (g)); and (c) daily energy expenditure (DEE) when food was available (DEE = 32.91 (kJ 24 
h-1) + 0.652 mass (g)) and when food was not available (DEE (kJ 24 h-1) = 20.51 + 0.705 mass (g)). 
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Figure 2.5 Relationship between residual daily energy expenditure (DEE) and (a) residual resting 
metabolic rate (RMR) at 31 °C; and (b) residual RMR at 15 °C, corrected for differences in body mass 
(mb). Measurements were taken both when food was available (green fill) and when food was not 
available (blue fill). 
2.4.2 RESTING METABOLIC RATE IN RESPONSE TO AIR TEMPERATURE 
We determined the response of RMR to a decrease in Ta from 31 to 15 °C on days when food 
was available (RMR-Ta reaction norm) by fitting a LME model that estimated the population 
mean intercept (i.e. RMR31, equivalent to BMR except for the possible influence of food - 
see methods) and slope, where a steeper, more negative slope corresponds with a stronger 
increase in RMR in response to a decrease in Ta (Figure S2.1; Table 2.1). In the best-fitting 
RMR-Ta model, the significant fixed effects explained 79.6% of the variation in RMR (RMR 
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(W) = 0.125 – 0.124 Ta (16 °C) + 0.004 mb (g) – 0.020 sex (male) – 0.013 trial – (0.003 mb 
(g) × Ta (16 °C)) ± the effect of the respirometry chamber; Figure S2.5; Table S2.1). 
Decreasing Ta from 31 to 15 °C was associated with an 91.5% increase in RMR in females 
and 99.7% increase in males. A significant negative interaction between mb and Ta indicated 
that the effect of Ta was reduced in larger mice. The LME model predicted that the population 
mean intercept of RMR31 on days when food was available was 0.245 ± 0.017 W and that 
the population mean slope of RMR to a 16 °C reduction in Ta was -0.224 ± 0.014 W (Figure 
2.6a). There was a 0.055 W difference in the intercept between individuals displaying the 
lowest (5th percentile) and highest (95th percentile) RMR31 on days when food was available. 
There was a 0.045 W difference in the slope between individuals displaying the strongest (5th 
percentile) and weakest (95th percentile) responses to a 16 °C reduction in Ta.  
In the best-fitting RMR-Ta model, of the remaining 20.4% of variance, random effects 
accounted for 16.1%, with 4.4% remaining as within-individual residual error. Of the 
variance around the mean intercept and slope explained by the random effects, 66.2% was 
associated with the effect of trial*ID (i.e. among-trial differences), whereas 21.4% was 
associated with the effect of individual (i.e. among-individual differences; Table S2.5), and 
12.4% remained as residual variance (i.e. within-individual differences). Repeatability of 
individual responses over the three trials for the RMR-Ta reaction norm was low for the 
intercept (𝑅𝑙𝑜𝑛𝑔𝑡𝑒𝑟𝑚𝐼= 0.25, 0.11-0.38) and slope (𝑅𝑙𝑜𝑛𝑔𝑡𝑒𝑟𝑚𝑆= 0.16, 0.02-0.30), signifying a 
high proportion of within-individual variance (Figure 2.7; Table S2.6). Repeatability within-
trials was high for the intercept (𝑅𝑠ℎ𝑜𝑟𝑡𝑡𝑒𝑟𝑚𝐼= 0.69, 0.63-0.77) and slope (𝑅𝑠ℎ𝑜𝑟𝑡𝑡𝑒𝑟𝑚𝑆= 0.83, 
0.80-0.87), reflecting the low proportion of variance within-trials. Repeatability of the 
average reaction norms over time (equivalent to the average phenotype) was moderate for the 
intercept (𝑅𝑎𝑣𝑒𝑟𝑎𝑔𝑒𝐼= 0.36, 0.18-0.53) and low slope (𝑅𝑎𝑣𝑒𝑟𝑎𝑔𝑒𝑆= 0.19, 0.02-0.35). 
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Table 2.1 Variance components and fixed effects structures for metabolic reaction norm models. 
Variance components were estimated from four separate linear mixed effects models fitted to 
explain resting metabolic rate (RMR) in response to a decrease in air temperature (Ta) from 31 to 
15°C (RMR-Ta), and RMR measured at 31 °C or 15 °C, and daily energy expenditure (DEE) in response 
to starvation (RMR31-, RMR15-, and DEE-Food, respectively). Variance components represent the 
proportion of total variance associated with among-individual (𝑽𝒊𝒏𝒅) and among-trial*individual 
(𝑽𝒕𝒓𝒊𝒂𝒍∗𝑰𝑫) differences in the reaction norm intercept (subscript I) and slope (subscript S) and 
remaining within-individuals variance (𝑽𝒆). 
Reaction norm RMR-Ta RMR31-Food RMR15-Food DEE-Food 
Variance components 
𝑉𝑖𝑛𝑑𝐼 0.00065 0.00049 0.00096 8.5854 
𝑉𝑖𝑛𝑑𝑆 0.00073 0.00035 0.00093 6.0526 
𝑉𝑡𝑟𝑖𝑎𝑙∗𝐼𝐷𝐼 0.00115 0.00112 0.00033 18.596 
𝑉𝑡𝑟𝑖𝑎𝑙∗𝐼𝐷𝑆 0.00315 0.00020 0.00121 2.7635 
𝑉𝑒 0.00080 0.00091 0.00420 9.5918 
Fixed effects structure 
Ta (°C)  - - - 
Food -    
Sex   -  
mb (g)     
Trial     
Day -    
Sex × mb (g) -  -  
Ta (°C) × mb (g)  - - - 
Food × mb (g) - -   
Wheel use (km) - - -  
Respirometry chamber    
Full model structures, fixed effects estimates, and partial effects and residual plots are 
presented in Appendix II (Tables S2.1-S2.4; Figures S2.5-S2.8). mb: body mass. 
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Figure 2.6 Predicted individual differences in metabolic reaction norms. Predicted individual (grey or 
black lines; n = 96) and population mean (red lines) responses of (a) resting metabolic rate (RMR) to 
a decrease in air temperature (Ta) from 31 to 15 °C, (b) RMR at 15 (black lines) and 31 °C (grey lines) 
to starvation and (c) daily energy expenditure (DEE) to starvation. 
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Figure 2.7 Short-term (3-4 days), long-term (~ one year) and average repeatability estimates. 
Repeatability (± 95% CI) was calculated from variance components for the (a) intercept and (b) slope 
of four different reaction norms estimated from linear mixed effects models fitted to explain: resting 
metabolic rate (RMR) in response to a decrease in air temperature (Ta) from 31 to 15 °C (RMR- Ta), 
and RMR at 31 or 15°C, or daily energy expenditure (DEE) in response to starvation (RMR31-, 
RMR15-, and DEE-Food, respectively) in Diversity Outbred laboratory mice (n = 96). 
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2.4.3 RESTING METABOLIC RATE IN RESPONSE TO STARVATION AT 31 AND 15 °C 
We described the response of RMR to starvation separately at 31 and 15 °C to compare 
responses in RMR at thermoneutrality versus at a Ta that required considerable metabolic heat 
production for thermoregulation (RMR31- and RMR15-Food reaction norms). Hence, two 
separate LME models were fitted to estimate the population mean intercept (representing 
RMR31 or RMR15 when food was available) and slope (i.e. RMR31 or RMR15 in response 
to starvation), where a steeper, more negative slope corresponds with a stronger response to 
starvation (Figures S2.2 & S2.3; Table 2.1).  
In the best-fitting RMR31-Food model, the significant fixed effects explained 39.4% 
of the variation in RMR (RMR31 (W) = 0.093 – 0.034 food (no) + 0.005 mb (g) + 0.019 sex 
(male) – 0.011 trial + 0.005 day – (0.002 mb (g) × sex (male)) ± the effect of the respirometry 
chamber; Figure S2.6; Table S2.2). At 31 °C, starvation led to an average 13.9% decrease in 
RMR in females and a 15.5% decrease in males. In addition, a significant negative interaction 
between mb and sex meant that the positive effect of mb on RMR31 was weaker for males. As 
males were on average larger than females the response of RMR to starvation was generally 
weaker in males. The LME model predicted that the population mean intercept of RMR31 on 
days when food was available was 0.244 ± 0.013 W and that the population mean slope of 
RMR31 to starvation was -0.034 ± 0.011 W (Figure 2.6b). There was a 0.044 W difference in 
the intercept between individuals displaying the lowest (5th percentile) and highest (95th 
percentile) RMR31. There was a 0.035 W difference in the slope between individuals 
displaying the weakest (95th percentile) and strongest (5th percentile) responses to starvation 
at 31 °C. 
In the RMR31-Food model, of the remaining 60.6% of variance, random effects 
accounted for 34.4% with 26.2% remaining as within-individual residual error. Of the 
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variance around the mean intercept and slope explained by the random effects, 43.1% was 
associated with the effect of trial*ID (i.e. among-trial differences), whereas 27.4% was 
associated with the effect of individual (i.e. among-individual differences; Table S2.5), and 
29.5% remained as residual variance (i.e. within individual-differences). Furthermore, 
repeatability of individual responses over the three trials was low for the intercept 
(𝑅𝑙𝑜𝑛𝑔𝑡𝑒𝑟𝑚𝐼= 0.20, 0.08-0.33) and slope (𝑅𝑙𝑜𝑛𝑔𝑡𝑒𝑟𝑚𝑆= 0.24, 0.09-0.37), but high within-trials 
for the intercept (𝑅𝑠ℎ𝑜𝑟𝑡𝑡𝑒𝑟𝑚𝐼= 0.64, 0.59-0.72), and moderate for the slope (𝑅𝑠ℎ𝑜𝑟𝑡𝑡𝑒𝑟𝑚𝑆= 
0.38, 0.26-0.53; Figure 2.7; Table S2.6). Repeatability of the average RMR31-Food reaction 
norm over time (equivalent to the average phenotype) was moderate for the intercept 
(𝑅𝑎𝑣𝑒𝑟𝑎𝑔𝑒𝐼= 0.30, 0.13-0.49), but high for the slope (𝑅𝑎𝑣𝑒𝑟𝑎𝑔𝑒𝑆= 0.63, 0.21-0.95). 
In the best-fitting RMR15-Food model, the significant fixed effects explained 61.6% 
of the variation in RMR (RMR15 (W) = 0.240 – 0.228 food (no) + 0.006 mb (g) – 0.017 trial 
+ 0.017 day + (0.004 mb (g) × food (no)) ± the effect of the respirometry chamber; Figure 
S2.7; Table S2.3). At 15 °C we did not detect a significant effect of sex, therefore starvation 
led to an average 29.2% reduction in RMR for all mice. We also detected a significant 
positive interaction between food and mb indicating that the effect of starvation on RMR15 
was weaker in larger mice. The LME model predicted that the population mean intercept of 
RMR15 on days when food was available was 0.425 ± 0.020 W and that the population mean 
slope of RMR15 to starvation was -0.124 ± 0.016 W (Figure 2.6b). There was a 0.065 W 
difference in the intercept between individuals displaying the lowest (5th percentile) and 
highest (95th percentile) RMR15. There was a 0.056 W difference in the slope between 
individuals displaying the weakest (95th percentile) and strongest (5th percentile) responses to 
starvation at 15 °C. 
In the RMR15-Food model, of the remaining 38.4% of variance, random effects 
accounted for 14.8% with 23.7% remaining as within-individual residual error. Of the 
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variance around the mean intercept and slope explained by the random effects, 20.2% was 
associated with the effect of trial*ID (i.e. among-trial differences), whereas 24.7% was 
associated with the random effect of individual (i.e. among-individual differences; Table 
S2.5), and 55.0% remained as residual variance (i.e. within-individual differences). 
Furthermore, repeatability of individual responses over the three trials was also low for the 
intercept (𝑅𝑙𝑜𝑛𝑔𝑡𝑒𝑟𝑚𝐼= 0.17, 0.07-0.27) and slope (𝑅𝑙𝑜𝑛𝑔𝑡𝑒𝑟𝑚𝑆= 0.15, 0.01-0.28), but moderate 
within-trials for the intercept (𝑅𝑠ℎ𝑜𝑟𝑡𝑡𝑒𝑟𝑚𝐼= 0.23, 0.16-0.37), and slope (𝑅𝑠ℎ𝑜𝑟𝑡𝑡𝑒𝑟𝑚𝑆= 0.34, 0. 
23-0.51; Figure 2.7; Table S2.6). Repeatability of the average RMR15-Food reaction norm 
over time was high for the intercept (𝑅𝑎𝑣𝑒𝑟𝑎𝑔𝑒𝐼= 0.74, 0.32-0.91) and slope (𝑅𝑎𝑣𝑒𝑟𝑎𝑔𝑒𝑆= 0.43, 
0.04-0.69). 
2.4.4 DAILY ENERGY EXPENDITURE IN RESPONSE TO STARVATION 
The response of DEE to starvation (DEE-Food reaction norm) was determined using a LME 
model that estimated the population mean intercept (i.e. DEE when food was available) and 
slope (i.e. DEE in response to starvation), where a steeper more negative slope corresponds 
with a stronger response to starvation (Figure S2.4; Table 2.1). In the best fitting DEE-Food 
model, the significant fixed effects explained 71.5% of the variation in DEE (DEE kJ 24 h-1 = 
12.10 + 0.270 food (no) + 1.148 mb (g) + 7.154 sex (male) – 1.298 trial + 0.398 day + 1.332 
wheel (km) – (0.153 mb (g) × food (no)) – (0.332 mb (g) × sex (male)) ± the effect of the 
respirometry chamber; Figure S2.8; Table S2.4). Overall, starvation led to an average 9.1% 
decrease in DEE in females and 9.7% decrease in males. The negative sex × mb interaction 
meant that the positive effect of mb was weaker for male mice and the negative food × mb 
interaction meant that the the effect of starvation was stronger in larger mice. As males were 
on average larger than females, they exhibited a greater response to starvation. The LME 
model predicted that the population mean intercept of DEE on days when food was available 
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was 45.18 ± 1.90 kJ 24 h-1 and that the population mean slope of DEE to starvation was -4.15 
± 1.77 kJ 24 h-1 (Figure 2.6c). There was a 6.23 kJ 24 h-1 difference in the intercept between 
individuals displaying the lowest (5th percentile) and highest (95th percentile) DEE. There 
was a 6.07 kJ 24 h-1 difference in the slope between individuals displaying the weakest (95th 
percentile) and strongest (5th percentile) responses to starvation. 
In the DEE-Food model, of the remaining 28.5% of variance, random effects 
accounted for 20.0% with 8.4% remaining as within-individual residual error. Of the variance 
around the mean intercept and slope explained by the random effects, 46.9% was associated 
with the effect of trial*ID (i.e. among-trial differences), whereas 32.1% was associated with 
the effect of individual (i.e. among-individual differences; Table S2.5), and 21.0% remained 
as residual variance (i.e. within-individual differences). Repeatability of individual responses 
over the three trials was low for the intercept (𝑅𝑙𝑜𝑛𝑔𝑡𝑒𝑟𝑚𝐼= 0.23, 0.10 – 0.37) and moderate 
for the slope (𝑅𝑙𝑜𝑛𝑔𝑡𝑒𝑟𝑚𝑆= 0.33, 0.17 – 0.47), but high within-trials for the intercept 
(𝑅𝑠ℎ𝑜𝑟𝑡𝑡𝑒𝑟𝑚𝐼= 0.74, 0.69 – 0.80), and moderate for the slope (𝑅𝑠ℎ𝑜𝑟𝑡𝑡𝑒𝑟𝑚𝑆= 0.48, 0.38 – 0.66; 
Figure 2.7; Table S2.6). Repeatability of the average DEE-Food reaction norms over time 
was moderate for the intercept (𝑅𝑎𝑣𝑒𝑟𝑎𝑔𝑒𝐼= 0.32, 0.12 – 0.48) but high for the slope 
(𝑅𝑎𝑣𝑒𝑟𝑎𝑔𝑒𝑆= 0.69, 0.36 – 0.95). 
2.4.5 CORRELATIONS AMONG PREDICTED INDIVIDUAL DIFFERENCES IN REACTION NORM 
COMPONENTS 
The predicted individual differences from the population mean responses (i.e. BLUPs) were 
extracted from the LME models for each reaction norm and used to test for correlations 
among predicted individual differences in the different reaction norm components (Table 
S2.5). A high correlation between the intercepts from the RMR-Ta and RMR31-Food reaction 
norms was expected as they correspond to the same condition (i.e. RMR31 when food was 
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available), therefore this trivial correlation (r = 0.95, p < 0.001) was ignored and we used the 
intercept from the RMR31-Food reaction norm model in the analysis. In this case RMR31 
provides a measure comparable to that of BMR, except for the possible effect of digestion on 
metabolic rate, whereas because RMR15 is below the TNZ it provides a measure that 
includes the additional effect of regulatory heat production on metabolic rate. In the RMR-Ta 
model a steeper, more negative, slope represents a greater increase in RMR with a decrease in 
Ta from 31 and 15 °C (i.e. individuals that increased their metabolism more in response to a 
decrease in Ta). In RMR31-, RMR15- and DEE-Food models, a steeper, more negative, slope 
represents a greater decrease in DEE or RMR between when food was available compared to 
when it was not available (i.e. individuals that reduced their metabolism more in response to 
starvation), and at 15 °C a steeper slope is indicative of the possible use of torpor. 
 Individual differences in the slope of RMR to a decrease in Ta from 31 to 15 °C were 
positively correlated with individual differences in RMR31 (r = 0.271, p = 0.008), and 
negatively correlated with individual differences in RMR15 (r = -0.600, p < 0.001) and DEE 
(r = 0.247, p = 0.016; Figure 2.8). Furthermore, individual differences in the slope of RMR to 
a decrease in Ta from 31 to 15 °C were positively correlated with individual differences in the 
slope of RMR15 to starvation (r = 0.384, p < 0.001). Together, this indicates that individuals 
who exhibit a stronger response to a decrease in Ta also maintain a higher RMR15 when food 
is available and have a stronger response to starvation at 15 °C (Figure 2.8). There was a 
strong negative correlation between the individual differences in the intercept and slope in the 
RMR31-Food (r = -0.913, p < 0.001), RMR15-Food (r = -0.575, p < 0.001) and DEE-Food (r 
= -0.625, p < 0.001) models indicating that individuals that maintained a higher overall DEE 
or RMR when food was available also exhibited stronger metabolic responses to starvation 
(i.e. greater reduction in RMR or DEE; Figure 2.8).  
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Individual differences in DEE were positively correlated with individual differences 
in RMR31 (r = 0.533, p < 0.001) and RMR15 (r = 0.684, p < 0.001; Figure 2.8). Individual 
differences in RMR31 and RMR15 were also positively correlated (r = 0.457, p < 0.001) 
indicating that individuals who maintained a RMR31 and RMR15 higher than the population 
mean also had a higher overall DEE under conditions when food was available. Individual 
differences in DEE were also negatively correlated with individual differences in the slope of 
RMR31 (r = -0.410, p = < 0.001) and RMR15 (r = -0.524, p < 0.001) to starvation. Individual 
differences in the slopes of RMR31 and RMR15 to starvation were also positively correlated 
(r = 0.507, p < 0.001). Overall this indicates that individuals with higher energy expenditure 
reduce their RMR more in response to starvation at both 31 and 15 °C (Figure 2.8). 
  Individual differences in the slope of DEE to starvation were negatively correlated 
with individual differences in RMR31 (r = -0.277, p = 0.007) and RMR15 (r = -0.299, p = 
0.003) indicating that individuals with high resting metabolic costs reduced overall energy 
expenditure more in response to starvation. Furthermore, individual differences in the slope 
of DEE to starvation were positively correlated with the slopes of RMR31 (r = 0.336, p = < 
0.001) and RMR15 (r = 0.609, p < 0.001) to starvation, indicating that overall energetic 
responses to starvation are reflected in the variation in resting metabolic costs to starvation at 
both 31 and 15 °C (Figure 2.8). 
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Figure 2.8 Correlations among predicted individual differences (n = 95) in the intercept and slope of 
the different reaction norm components. Reaction norms were estimated for resting metabolic rate 
(RMR) in response to a decrease in air temperature (Ta) from 31 to 15 °C (RMR- Ta), and for RMR at 
31 °C, RMR at 15 °C and daily energy expenditure (DEE) in response to starvation (RMR31-, RMR15-, 
and DEE-Food). A more negative slope indicates a steeper response relative to the population mean. 
Traits are shown along the diagonal, Pearson’s correlation coefficient (r) and associated p-values are 
given in the upper-right, and the corresponding linear regressions between variables are reflected in 
the bottom-left. Values in the table that remained significant after applying a Benjamini and 
Hochberg correction for multiple simultaneous tests are highlighted in bold.  
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2.5 DISCUSSION 
In this study we used a reaction norm approach to describe among individual variation in 
metabolic phenotypes that incorporated baseline metabolism and metabolic responses to Ta 
and food availability. We used this approach because of the need to move beyond BMR if we 
are to understand how individual variation in energy expenditure co-varies with other 
physiological, behavioural and life-history traits, and how this variation influences fitness.  
We found that individuals exhibit large differences in RMR31, RMR15 and DEE and 
that they show large differences in their metabolic response to Ta , and starvation, and to the 
interaction of these environmental factors (i.e. starvation response at different Ta). The 
metabolic responses to starvation were repeatable over a one-year period, well beyond the life 
expectancy for a wild mouse. Individual variation in RMR15 and the response of RMR15 to 
starvation were highly informative of individual variation in DEE, more so than RMR 
measured under standard conditions (i.e. RMR31). Finally, we found that metabolic 
responses were correlated such that individuals displayed consistent syndromes in metabolic 
phenotypes under varying Ta and food availability. Our results are important because they 
support the suggestion that a reaction norm approach is a valuable way to characterise 
important aspects of energy expenditure that are likely to be relevant to fitness.  
2.5.1 AMONG-INDIVIDUAL VARIATION IN METABOLIC PHENOTYPES 
Characterisation of among-individual variation is key if we wish to further our current 
understanding of the evolution of different metabolic phenotypes and their co-evolution with 
other physiological, behavioural and life-history traits (Bennett 1988; Careau et al. 2008; 
Hayes & Jenkins 1997). Known as ‘the tyranny of the golden mean’ (Bennett 1988), 
historically, there has been a predisposition to focus on population mean traits values, with 
among-individual variation considered as random noise. The tendency to focus on a small 
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degree of variation among species, populations and treatments has meant that large among-
individual variation (of up to 200%!) is often overlooked (Careau et al. 2008; Mathias et al. 
2006; Meagher & O’Connor 2001; Scantlebury et al. 2007; Thomas, Blondel, & Perret 2001). 
Here, we found not only large among-individual variation in metabolism, but even larger 
among-individual variation in metabolic responses to Ta and starvation. This among-
individual variation was also repeatable over one year, hence emphasising the importance of 
this underutilised resource. As repeatability sets the upper limit for heritability (Falconer & 
Mackay 1996), it is highly possible that these metabolic responses are heritable. Our result 
provides support for the ongoing study into the evolution and fitness consequences of among-
individual variation in metabolic phenotypes (Boratyński, Jefimow, & Wojciechowski 2017; 
Briga & Verhulst 2017; Careau, Gifford, & Biro 2014). 
As expected, we found that there was a strong population-wide metabolic response to 
a decrease in Ta, however we also found that the response to Ta varied substantially among 
individuals. From a population mean RMR of 0.245 W at 31 °C, individual slopes in response 
to a 16 °C reduction in Ta varied by 29%, ranging between -0.257 to -0.191 W. It has been 
suggested that among-individual variation in the ability to regulate metabolism in response to 
changing Ta could be an important life-history trait (Gordon 2012; Rezende & Bacigalupe 
2015). For instance, we found that individuals with a strong response to Ta also had a higher 
DEE (r = -0.25, p < 0.05; Figure 2.8). Maintaining a high DEE requires high levels of food 
energy to maintain, that in turn might increase predation threat associated with foraging to 
replenish energy reserves (Turbill & Stojanovski 2018). Among-individual variation in the 
metabolic response to Ta might also have implications for behaviour. For instance, under 
natural conditions, individuals with a greater reduction in RMR in response to Ta might be 
more reliant on behavioural means to reduce heat loss, such as nest building or huddling. 
61 
 
We also found among individual variation in RMR31, RMR15 and DEE measured on 
days when food was available, however we found substantially more among-individual 
variation in metabolic responses to starvation. The intercept of RMR31 varied by 25% among 
individuals (range 0.213 – 0.273 W), while individual slopes in response to starvation at 31 
°C varied by 160% (range -0.056 – -0.006 W). The intercept of RMR15 varied by 22% 
among individuals (range 0.377 – 0.472 W), while individual slopes in response to starvation 
at 15 °C varied by 59% (range -0.169 – -0.091 W). The intercept of DEE varied by 20% 
among individuals (range 40.87 – 49.85 kJ 24 h-1), while individual slopes in response to 
starvation varied by 202% (range -8.44 – 0.03 kJ 24 h-1). The large among-individual 
variation associated with metabolic responses to starvation demonstrates the physiological 
importance of reaction norms and indicates that they might have fitness consequences.  
Food availability is one of the main ecological conditions that can affect metabolism 
(Auer et al. 2015; Kaseloo, Crowell, & Heideman 2014; McCue 2010; Rimbach et al. 2018; 
Rothwell & Stock 1982; Zhu et al. 2013). Indeed, metabolic rate generally decreases in 
response to food restriction and this response is more pronounced but less variable at colder 
Ta’s (Ben-Hamo et al. 2010; Kaseloo, Crowell, & Heideman 2014). However, the extent of 
among-individual variation in metabolic responses to food availability along an ecologically 
relevant Ta gradient and the fitness consequences of such variation remains widely unknown. 
Studies examining thermal physiology at sub-thermoneutral Ta’s have provided the most 
insight into among individual variation in metabolic responses. For instance, Dikic et al. 
(2008) showed that, in agreement with our results, individual laboratory mice from the same 
strain varied significantly in their propensity to enter torpor in response to starvation; whereas 
some individuals consistently entered torpor, others never did, and some used both strategies. 
A reduction in RMR can generate substantial energy savings, therefore individual variation in 
torpor use could have significant ecological and physiological consequences in hypervariable 
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environments characterised by unstable food availability and high predation risk (Geiser & 
Brigham 2012). Free-living animals must optimise decisions about where and when to search 
for food based on the risk of predation versus the risk of starvation (Lima & Dill 1990). The 
point at which animals must forage might vary based on Ta as well as differences in 
individual physiological state. Our results illustrate that within a population, individuals use 
alternative metabolic strategies to cope with variability in both Ta and food availability. 
Determining the fitness consequences of these different metabolic strategies under different 
environmental conditions would be an illuminating area of future research.  
2.5.2 REACTION NORM REPEATABILITY 
Metabolic rate responds to environmental conditions, and the response can vary substantially 
among-individuals within the same species and population (Lovegrove 2003; McCue 2010; 
Rimbach et al. 2018; Speakman 1999). Recently, it has been highlighted that if these 
individual differences in metabolic responses are consistent, then they should be considered 
as unique traits in addition to metabolic rate measured under standardised conditions (Careau, 
Gifford, & Biro 2014). Understanding consistent among-individual variation in metabolism 
within a population is important when trying to determine the co-variation between 
metabolism and other physiological, behavioural and life-history traits, because this variation 
can be susceptible to natural selection if it is heritable (Falconer & Mackay 1996). The 
importance of consistent variation is clearly understood among ecologists and physiologists, 
as emphasised by the numerous studies that have quantified repeatability of RMRt (reviewed 
in Nespolo & Franco 2007; White, Schimpf, & Cassey 2013). However, to date, most 
research has focused on quantifying repeatability of RMR at a single Ta within the TNZ 
(White, Schimpf, & Cassey 2013). Given that free-living animals experience a wide range of 
ecological conditions over days, seasons and years, selection would undoubtedly occur over 
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this entire range. Hence, it is important for future studies to quantify repeatability under 
ecologically relevant conditions.  
The short-term repeatability of RMR31 found in this study (𝑅𝑠ℎ𝑜𝑟𝑡𝑡𝑒𝑟𝑚𝐼= 0.64, 0.59 – 
0.72) is consistent with other studies in mammals that have measured RMRt over a similar 
time period (i.e. < 10 days), with repeatability estimates ranging between 0.49 and 0.87 
(reviewed in White, Schimpf and Cassey, 2013). The short-term repeatability of RMR15 
found in this study was lower than that of RMR31, but still significant (𝑅𝑠ℎ𝑜𝑟𝑡𝑡𝑒𝑟𝑚𝐼= 0.23, 
0.16 – 0.37). The long-term repeatability of RMR31 found in this study (𝑅𝑙𝑜𝑛𝑔𝑡𝑒𝑟𝑚𝐼= 0.20, 
0.08 – 0.33) is consistent with the average repeatability estimates for other long-term studies 
(i.e. > 140 days) in free-living mammals (R = 0.18; Bozinovic 2007; Larivée et al. 2010). 
Likewise, the long-term repeatability of RMR15 was low (𝑅𝑙𝑜𝑛𝑔𝑡𝑒𝑟𝑚𝐼= 0.17, 0.07 – 0.27). 
Our results support those shown by Careau, Gifford and Biro (2014) in slimy salamanders, 
and by Briga and Verhulst (2017) in zebra finches and suggest that metabolic rate is 
repeatable over an ecologically relevant Ta gradient. 
Remarkably, the average repeatability of RMR31 (𝑅𝑎𝑣𝑒𝑟𝑎𝑔𝑒𝐼= 0.30, 0.13 – 0.49) and 
RMR15 (𝑅𝑎𝑣𝑒𝑟𝑎𝑔𝑒𝐼= 0.74, 0.32-0.91; i.e. the reaction norm intercepts), and the average 
individual response to starvation at 31 °C (𝑅𝑎𝑣𝑒𝑟𝑎𝑔𝑒𝑆= 0.63, 0.21 – 0.95) and 15 °C 
(𝑅𝑎𝑣𝑒𝑟𝑎𝑔𝑒𝑆= 0.43, 0.04 – 0.69; i.e. reaction norm slopes) were repeatable throughout the 
course of the experiment (~ one-year) that extended well beyond the natural life expectancy 
of a wild mouse. Previous studies have found that individuals can be characterised by their 
reaction norms. For example, individual variation in the activity of zebra fish in response to 
Ta and food restriction is repeatable (R = 0.92 and 0.40; Mitchell & Biro 2017). In Siberian 
hamsters the metabolic response to decreasing Ta varies consistently among individuals, 
within seasons (winter, R = 0.41; summer, R = 0.55) and in the long-term between seasons (R 
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= 0.31; Boratyński, Jefimow, & Wojciechowski 2017). In Zebra finches, Briga & Verhulst 
(2017) found that metabolic rate responds to Ta, and although they did not report the 
repeatability of the response, they showed that at different Ta’s there was significant variation 
among individual metabolic responses to environments with manipulated foraging costs. 
Despite these examples, the repeatability and ecological significance of such metabolic 
responses remains widely unknown. Our results demonstrate that individuals exhibited 
consistent differences in their metabolic response to Ta and in their metabolic response to 
starvation indicating that there is a strong possibility that selection could act upon these traits 
if they are also heritable.  
Short-term repeatability estimates for DEE measured in free living mammals have 
typically been low (intraclass correlation coefficient < 0.27; Berteaux et al. 1996; Speakman 
et al. 1994). In laboratory mammals, higher short-term repeatability estimates for DEE have 
been reported (Pearson’s r from 0.13 to 0.54; Chappell et al. 2004) that are more consistent 
with the estimate obtained in this study (𝑅𝑠ℎ𝑜𝑟𝑡𝑡𝑒𝑟𝑚𝐼= 0.74, 0.69 – 0.80). However, to our 
knowledge, there are no studies on the long-term repeatability of DEE, or the repeatability of 
the response of DEE to starvation. Although we found poor long-term repeatability of DEE 
(𝑅𝑙𝑜𝑛𝑔𝑡𝑒𝑟𝑚𝐼= 0.23, 0.10 – 0.37), the average individual response of DEE to starvation was 
highly repeatable over the study period (~ one-year; 𝑅𝑎𝑣𝑒𝑟𝑎𝑔𝑒𝑆= 0.69, 0.36 – 0.95). This 
suggests that although individual energy budgets might change over time, individuals respond 
consistently to the energetic stress associated with starvation.  
2.5.3 REACTION NORM CORRELATIONS 
We found strong positive correlations between predicted individual differences (i.e. BLUPs) 
in RMR31, RMR15 and DEE measured over approximately one year, indicating that mice 
with higher DEE tend to have a high RMR at both 31 and 15 °C. There were also strong 
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negative correlations between individual differences in RMR31, RMR15, DEE and the 
response to starvation under all conditions. Together the correlations between these different 
reaction norm components indicate that individuals with high energy expenditure (measured 
as RMR31, RMR15 or DEE) have the greatest reduction in metabolic rate when starved. This 
might be because individuals with high energy expenditure have a greater need to conserve 
energy when faced with unfavourable environmental conditions. Yet those same individuals 
can maintain a high metabolism when there is enough energy available; in this case, when 
food was available, even in cold environments. The stronger response to starvation at 15 °C is 
indicative of torpor use and that suggests individuals with high energy expenditure are the 
most likely to use torpor to conserve energy, while individuals with low energy expenditure 
under normal conditions have less need to reduce energy expenditure when starved. The 
response we observed is similar to a study in red deer (Cervus elaphus), where the most 
dominant individuals had the highest heart rates and subsequently largest decrease in heart 
rate in response to food restriction (Turbill et al. 2013). Deer with low heart rates under 
normal conditions were subordinate and already accustomed to reduced food intake due to 
competition for food, hence were less affected by food restriction. The association between 
high energy expenditures and stronger responses to starvation might confer a fitness 
advantage to individuals with a high RMR in productive environments, but a disadvantage in 
unproductive environments (Careau & Garland 2012; Reid, Armstrong, & Metcalfe 2012). 
Certainly, our results suggest that individuals exhibit consistent differences in metabolic 
syndromes that are repeatable over long time periods. It is likely that such strong and 
consistent among-individual differences might have fitness consequences if they are also 
heritable.   
Our results support the assumption that mb-corrected RMR31 reflects a significant 
amount of variation in mb-corrected DEE (Figure 2.5). However, we also found that mb-
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corrected RMR15 explained a greater proportion of variation in mb-corrected DEE, both 
when food was and was not available. Using reaction norm models to account for factors in 
addition to mb (Table 2.1), and the effects of individual and individual by trial, we found that 
individual variation in DEE was best explained by individual variation in the metabolic 
response to starvation at 15 °C, followed by RMR15 and RMR31 (Figure 2.8). This might be 
owing to the ability of the colder Ta to capture individual variation in mechanisms used to 
save energy, such as torpor use and insulation, that are not captured within the TNZ. The 
correlation between RMRt and DEE has received considerable attention over the past few 
decades, but despite this the evidence to support a relationship between the traits at the 
individual level is low. 
Correlations between different components of metabolism measured below the TNZ 
and between metabolic responses to Ta and starvation have scarcely been examined. The 
studies that have examined the relationship between components of metabolism at different 
Ta’s have found higher correlations between traits measured at lower Ta’s. In zebra finches 
(Taeniopygia guttata), for example, the phenotypic correlation between RMR at 26 and 12 °C 
was higher than between BMR and either RMR at 26 or 12 °C (Briga & Verhulst 2017). 
Similarly, in deer mice (Peromyscus maniculatus) there was a greater correlation between 
RMR at 10 and 3 °C than between RMR at 25 and either 10 or 3 °C (Chappell et al. 2004). 
However, in the same study there was also a greater correlation between DEE and RMR 
when measured at 25 °C than at 10 or 3 °C. Although RMR31 (i.e. comparable to BMR 
except for the possible influence of digestion, see methods) can reflect variation in energy 
expenditure, our results show that individual metabolic responses at Ta below the TNZ better 
reflect how individuals cope with environmental change, and as such should be incorporated 
into current hypotheses trying to link variation in energy expenditure with behavioural and 
life-history traits. 
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2.5.4 CONCLUSIONS 
We have shown that within a population of Diversity Outbred laboratory mice, there are large 
among-individual differences in metabolic reaction norms and that these reaction norms are 
repeatable over an ecologically relevant time period. Furthermore, RMR15 and the response 
of RMR15 to starvation were highly informative of individual differences in DEE, more so 
than RMR31 (i.e. comparable to BMR except for the possible influence of digestion, see 
methods). Therefore, metabolic rate measured at sub-thermoneutral Ta’s and/or metabolic 
responses to environmental conditions might be able to provide more or additional insight 
about individual differences in energy saving strategies that greatly contribute to DEE. The 
consistency and strength of among individual variation in metabolic reaction norms indicates 
that these traits have probable fitness consequences. Better characterisation of individual 
differences in the metabolic phenotypes will help us understand the evolution of metabolism. 
Further research should include a focus on among-individual phenotypic variation and 
on obtaining multiple measurements of RMR along different environmental gradients, 
specifically Ta and food availability that are known to vary significantly across space and 
time. Different metabolic phenotypes might result in equal fitness depending on 
environmental conditions. As such the positive correlation between metabolism and life-
histories as predicted by the pace-of-life syndrome hypothesis might be too simplistic. 
Indeed, co-variation between metabolism and other physiological, behavioural and life-
history traits might be reliant on external environmental pressures, such as predation risk 
(Bell 2005; Bell & Sih 2007; Dingemanse et al. 2007). The large among-individual variation 
in metabolic responses to environmental conditions observed here and in other recent studies 
(Briga & Verhulst 2017; Careau, Gifford, & Biro 2014; Dikic, Heldmaier, & Meyer 2008) 
should be applied to a range of ecological and physiological studies to further our 
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understanding of how energy expenditure has co-evolved with other physiological, 
behavioural and life-history traits.  
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Chapter 3  
CORRELATIONS AMONG INDIVIDUAL DIFFERENCES IN BEHAVIOUR AND INDIVIDUAL 
DIFFERENCES IN METABOLIC RESPONSES TO TEMPERATURE AND FOOD AVAILABILITY 
3.1 ABSTRACT 
Within-species and populations, animals exhibit consistent individual differences (CIDs) in 
their expression of physiological, behavioural and life-history traits. The pace-of-life 
syndrome (POLS) hypothesis proposes that variation in single traits cannot be understood in 
isolation because they have evolved as part of an integrated suite of optimal trait 
combinations to increase fitness under given environmental conditions. There is evidence to 
suggest that CIDs in some metabolic and behavioural traits are correlated and that these CIDs 
have fitness consequences. However, the proximate cause(s) of these correlations are not well 
understood. Therefore, it is important to determine if CIDs in metabolic and behavioural 
phenotypes share a common physiological link.  
We tested for correlations among CIDs in metabolic responses to air temperature and 
food availability and CIDs in behavioural responses to an open-field test in a sample of 
Diversity Outbred laboratory mice. The mice were kept under standard laboratory conditions 
that minimised factors that might have influenced the expression of certain metabolic or 
behavioural phenotypes (e.g. mice received ad libitum food regardless of metabolic 
requirements or foraging activity). Therefore, any observed trait correlations should be due to 
underlying physiological, genetic or developmental mechanisms. 
Mice displayed strong CIDs in their average metabolic responses to air temperature 
and food availability, as we have shown previously. Mice also exhibited strong CIDs in 
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behavioural responses to an open-field test. The CIDs in behavioural responses were 
correlated such that individuals exhibited variation in behavioural syndromes along a 
proactive – reactive continuum. Although individuals could be characterised by CIDs in their 
metabolic and behavioural phenotypes, we found no evidence to support a significant 
correlation between CIDs in behaviour and CIDs in any of the seven different components of 
metabolism that were measured. 
 Our results suggest that there is not a shared physiological basis or genetic mechanism 
that links CIDs in behavioural phenotypes and metabolic responses to air temperature and 
food availability. We suggest that correlations observed in free-living animals could be due to 
environmental factors that lead to optimal trait correlations that increase fitness outcomes 
within a population. 
3.2 INTRODUCTION 
Animal species differ widely in their phenotypic expression of physiological, behavioural and 
life-history traits. An important area of research in physiology and evolutionary biology is 
trying to understand the proximate and ultimate causes of phenotypic co-variation. 
Historically, there has been a strong focus on the mean population values of traits, while 
relatively large among-individual differences were ignored (Careau et al. 2008) – a paradigm 
termed “the tyranny of the golden mean” (Bennett 1988). As such, a focus on among-
individual differences is required to completely understand the functional and evolutionary 
significance of individual phenotypes. For instance, it is expected that populations containing 
large diversity of individual phenotypes will be more resistant to ecological challenges 
(Hughes et al. 2008; Wolf & Weissing 2012). Phenotypically diverse populations are more 
likely to contain individuals that can survive ecological challenges, thereby increasing the 
stability and persistence of a population (Hughes et al. 2008; Wolf & Weissing 2012).  
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Among- and within-species, differences in energy expenditure and resting metabolic 
rate (RMR) are often large might have important consequences to fitness if they prove to be 
heritable. Among-species the allometry between RMR and body mass (mb) explains much of 
the variation in energy expenditure and RMR (Lovegrove 2000; White & Kearney 2013). 
Among-species, mb-independent variation in RMR has an evolutionary basis and has been 
linked with factors such as shared phylogenetic history, zoogeographical distribution, 
temperature, habitat productivity and diet (Lovegrove 2000; White & Kearney 2013).  
Within-species, individuals can still vary several-fold in their RMR, even after 
accounting for the strong effect of mb. Indeed, we have previously shown that laboratory mice 
vary consistently by up to 25% in their mb-independent RMR at 31 °C, and by up to 22% at 
15 °C (Chapter 2). Among-individual differences in RMR are consistent over-time (Nespolo 
& Franco 2007; White, Schimpf, & Cassey 2013), and over environmental gradients (Chapter 
2). Despite the prevalence of such large, mb-independent consistent individual differences 
(CIDs) in metabolism, there have been comparatively fewer studies trying to determine the 
source of this variation.  
Some of the residual variation in RMR has a clear genetic component (Konarzewski 
& Książek 2012) and can be linked with variation in organ size (Brzęk et al., 2007; 
Konarzewski & Diamond, 1995; Książek, Konarzewski, & Łapo, 2004; Nespolo, Bacigalupe, 
Sabat, & Bozinovic, 2002; Russell & Chappell, 2007), tissue function and efficiency (e.g. 
brown adipose tissue and membrane composition; Cannon & Nedergaard, 2010; Hulbert, 
2003; Hulbert & Else, 1999) and molecular processes (e.g. activity of AMP-activated protein 
kinase; Schieke et al., 2006). The pace-of-life syndrome (POLS) hypothesis offers an 
additional explanation for the residual among-individual variation in RMR.  
The POLS hypothesis proposes that variation in a single trait can only be completely 
understood when integrated with a suite of physiological, behavioural and life-history traits 
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that have co-evolved to maximise fitness according to the life-history particularities of 
different species (Biro & Stamps 2010; Réale et al. 2007, 2010; Ricklefs & Wikelski 2002; 
Sih, Bell, & Johnson 2004; Stamps 2007). According to the POLS hypothesis, individuals 
can be placed somewhere along a fast – slow pace-of-life continuum whereby fitness is 
maximised through optimal trait correlations. Under the POLS hypothesis an individual 
phenotype might be both beneficial and detrimental depending on the environmental 
conditions (Sih, Bell, & Johnson 2004; Stamps 2007). For instance, fast POLS individuals, 
characterised by a high RMR and high investment into growth and reproduction, might 
benefit from a more proactive personality that facilitates higher levels of energy acquisition 
through high levels of aggression, activity and exploration (Réale et al. 2010). This strategy 
might be advantageous when food is abundant, but detrimental when food is scarce. 
Conversely, slow POLS individuals might yield similar overall fitness, whereby their lower 
energy demands increase fitness when food is scarce but decrease fitness when food is 
abundant. Slow POLS individuals tend to exhibit a more reactive personality, characterised 
by lower levels of exploration, activity and aggression that in turn reduce predation risk and 
increase survivability. 
Behaviour has a relatively large impact on energy budgets (i.e. rest versus activity) 
and is required to gain energy (i.e. foraging), therefore it is reasonable to hypothesise that 
individual variation in behaviour would affect individual energy budgets (Careau et al. 2008). 
Much like RMR, behavioural expression varies consistently among-individuals over time, 
and over environmental gradients (Bell, Hankison, & Laskowski 2009; Biro & Stamps 2010; 
Mitchell & Biro 2017). There is evidence to suggest that CIDs in certain behavioural traits 
(e.g. aggression and exploration) are correlated with CIDs in metabolism (Biro & Stamps 
2010; Royauté et al. 2018). Furthermore, CIDs in both behaviour and RMR have been 
correlated with life-history traits (Biro & Stamps 2008; Burton et al. 2011). In female red 
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deer (Cervus elaphus), for example, an individual’s rank in social dominance hierarchy was 
linearly related to their resting energy expenditure and consequently their rate of mb loss 
during periods of winter food restriction (Turbill et al. 2013). Among dog breeds, variation in 
personality is correlated with metabolism and life-history traits (Careau et al. 2010). More 
obedient dog breeds tend to live longer than disobedient breeds, and less aggressive breeds 
have lower energy requirements than more aggressive breeds. 
Individuals can differ not only in average values of a given trait under constant or 
standard conditions, but also in their response to a change in these conditions. For instance, 
small heterothermic endotherms often exhibit large among-individual variation in their 
propensity to enter into torpor in response to starvation or cold conditions (Dikic, Heldmaier, 
& Meyer 2008; Geiser et al. 2000; Konarzewski & Diamond 1995; Rikke et al. 2003; Ruf et 
al. 1991; Schubert et al. 2009). Although RMR and behaviour both respond to environmental 
conditions, studies testing for CIDs in these responses are scarce (Briga & Verhulst 2017; 
Careau, Gifford, & Biro 2014; Mitchell & Biro 2017).  
Consistent individual differences in metabolic responses can be more robust than 
CIDs in RMR. In laboratory mice, for instance, among-individual variation in the response of 
RMR to starvation within the thermoneutral zone (TNZ; i.e. reaction norm slope) was 6.4-
fold higher than among-individual variation in RMR measured within the TNZ when food 
was available (i.e. reaction norm intercept; Chapter 2). Such large CIDs are important 
because it means that, assuming there is a genetic basis for this variation, it would be 
available for natural selection to act upon and would ultimately have evolutionary 
implications (Careau et al. 2008; Falconer & Mackay 1996). The presence of CIDs in average 
phenotypes and in responses can be applied to a range of ecological and physiological studies 
to further our current understanding of how different metabolic, behavioural and life-history 
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traits have co-evolved. Indeed, CIDs can be more generally applied to understand how 
organisms have adapted to live successfully in the face of environmental challenges. 
Given that: 1) animals exhibit CIDs in their metabolic and behavioural phenotypes; 2) 
studies have shown correlations between CIDs in metabolism and behaviour; and that 3) 
correlations between CIDs in metabolism and CIDs behaviour are likely to have fitness 
implications; it is important to understand whether correlations between CIDs in metabolism 
and behaviour are due to genetic correlations, underlying physiological mechanisms (e.g. 
shared hormonal basis) or if they are dependent on environmental conditions. That is, is there 
a physiological mechanism that links CIDs in metabolism with CIDs in behaviour? For 
example, do individuals with a high RMR always express a more proactive personality (i.e. 
high levels of aggression and activity) due to physiological factors that promote this 
behaviour, such as increased testosterone levels or greater energy requirements owing to 
more energy demanding organs or tissues? Or do environmental factors promote the 
expression of optimal trait combinations to allow populations to persist through 
environmental challenges, such as predation risk or resource instability? Or could they be 
correlated due to both physiological and environmental factors?  
Here, we tested the hypothesis that CIDs in metabolism and behaviour are correlated 
due to an underlying physiological mechanism. We measured metabolism and behaviour in a 
sample of Diversity Outbred laboratory mice that were kept under standard laboratory 
conditions to minimise the impact of factors that might influence trait expression, such as 
predation risk. Therefore, the presence of correlations between CIDs in metabolism and 
behaviour would be due to a heritable genetic correlation or shared physiological factor, not 
environmental pressure. We determined the correlation between CIDs in average estimates 
for seven different components of metabolism using open flow respirometry (i.e. metabolic 
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reaction norms to air temperature and starvation; Chapter 2), and CIDs in average 
behavioural responses to a common behavioural test.  
3.3 METHODS 
3.3.1 ANIMAL MODEL AND STUDY DESIGN 
We used Diversity Outbred laboratory mice (The Jackson Laboratory, Bar Harbour, ME, 
USA) to first determine if individuals exhibit CIDs in their expression of metabolic responses 
to air temperature (Ta) and food availability and CIDs in behavioural phenotypes. Next, we 
measured the correlation between CIDs in the metabolic reaction norms components and 
CIDs in behavioural phenotypes. The Diversity Outbred strain was derived by random 
outcross mating of 160 collaborative cross recombinant inbred lines (Churchill et al. 2004, 
2012). Diversity Outbred individuals express a wide range of phenotypes making them an 
excellent model for examining CIDs within a population. We quantified CIDs in metabolism 
and behaviour between August 2015 and July 2016 (Figure 3.1).  
 
Figure 3.1 Sequence of the experiment. Mice (n = 96) underwent up to three separate open-field 
behavioural tests and three separate respirometry trials over approximately one-year. Not all mice 
underwent all three trials. A sub-sample of mice were bred between respirometry trial 1 and 2 for 
the purpose of another experiment. 
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3.3.2 METABOLIC REACTION NORMS 
Individual metabolic reaction norms were measured repeatedly in the same mice within and 
among three respirometry trials, each lasting 3 or 4 days, to quantify the response of: 1) RMR 
to a decrease in Ta from 31 to 15 °C, 2) RMR at 31 °C (RMR31) to starvation, 3) RMR at 15 
°C (RMR15) to starvation, and 4) DEE to starvation (Figure 3.1; see Appendix I for details 
on respirometry). Mice (NID = 97) underwent up to three respirometry trials over 
approximately one-year (NID*Trial = 271). Oxygen consumption and carbon dioxide 
production was measured every 4 minutes over entire days using a ‘live-in’ 16-animal, 
metabolic and behavioural phenotyping system (Promethion®, Sable Systems, Las Vegas, 
NV, USA). A pull-mode of open-flow respirometry (flow rate 2 L/min), use of high-
resolution analysers and application of the Z- correction technique (Bartholomew, Vleck, & 
Vleck 1981; Pendar & Socha 2015) allowed the mice to be measured in large, unsealed 
chambers that resembled their home cages (365 × 207 × 140mm; 10.58 L volume; type 
1284L; Techniplast, Italy). This minimised the impact of stress on metabolic measurements 
taken over shorter timeframes using unfamiliar and typically confined respirometry chambers 
(Careau et al. 2008).  
The metabolic response to Ta was measured by exposing mice to a daily Ta regime 
within each trial that varied between 31 °C (12:00 – 19:59 h), 20 °C (20:00 – 03:59 h) and 15 
°C (04:00 – 11:59 h). The metabolic response to food availability was measured by exposing 
mice to two 24-h periods of starvation on days 1 and 3 of each trial. For each day, within 
each trial, RMR31 represented the lowest running average of three recorded values (i.e. over 
12 minutes) with a coefficient of variation ≤ 10% during the period of the day when Ta was 
31 °C (13:00 – 15:59 h). Similarly, for each day, within each trial, RMR15 represented the 
lowest running average of three recorded values with a coefficient of variation ≤ 10% during 
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the period of the day when Ta was 15 °C (05:00 – 11:59 h). Daily energy expenditures (DEE) 
were derived by calculating the average metabolic rate (W) over the day excluding a 2-hour 
period from 16:00 – 17:59 h during which time the incubator doors were open (i.e. 22 h; 
Figure 3.1) and converting to an average daily amount (kJ 24 h-1). The repeated daily 
estimates of these metabolic traits were then used to derive average individual reaction norms 
(see Chapter 3.3.4). 
3.3.3 OPEN-FIELD BEHAVIOURAL TESTS 
Individual behavioural traits were measured repeatedly in the same mice in three separate 
open-field behavioural tests (OFTs), each lasting 10 minutes (Figure 3.1). Mice (NID = 96) 
underwent up to three OFTs over approximately one-year (NID*Trial = 249). Due to technical 
difficulties we were unable to measure each mouse during every OFT. Tests were performed 
between 13:00 to 19:00 h. The order in which individuals were tested during each OFT was 
randomised. Individuals were randomly assigned to the OFT arena A or B. 
The OFTs were performed in an environment which aimed to minimise external noise 
and provided a standardised level of illumination. The OFT arena consisted of a square white 
plastic tub (57L × 57W × 49H cm). The Ta was monitored using two temperature-logging 
iButton devices and averaged 21.6 ± 0.8 °C across all OFTs. Two tests were recorded 
simultaneously in OFT arenas A and B. Prior to testing, mice were removed from their home 
cage, weighed (correct to 0.01 g) and placed into a dark chamber (20L × 20W × 10H cm) for 
10 minutes, that provided a standardised environment with minimal external stimuli prior to 
entering the experiment (Figure 3.2). Immediately following the acclimation period mice 
were placed into the centre of the OFT arena. Behaviour was recorded for 10 minutes using a 
webcam (c525 High Definition 720p webcam; Logitech) mounted 120 cm above the arena 
that were linked to the recording software Ethovision XT (arena A) or Media Recorder (arena 
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B). After testing, mice were returned to their home cages, faecal boli were collected and 
weighed and the arenas and dark chambers were cleaned with disinfectant and 70% ethanol.  
 
Figure 3.2 Schematic of the open-field test. The open-field test protocol consisted of placing 
individual mice into a dark chamber for 10 minutes to reduce the effect of external stimuli on their 
initial response to the test. Mice were then moved into a test arena where their activity was 
monitored for 10 minutes using an overhead webcam. 
 
Movements of the mice were tracked using auto-tracking software (Ethovision XT 
v9.0.726; Nodulus Inc.). We partitioned the OFT arena floor into three zones (Figure 3.3): 
corners, edges, and centre. Using this zone configuration, we determined, 1) the amount of 
time spent in each zone relative to total time in the arena, 2) frequency of transitions between 
the edges and the centre (measured when then centre-point of the mouse crossed a zone 
border), and 3) mean velocity (cm s-1). The amount of time spent in the corners and edges 
was grouped together into a new variable denoted ‘periphery’, that allowed us to estimate the 
degree of thigmotaxis, that is, the tendency to remain close to vertical surfaces (Lamprea et 
al. 2008; Walsh & Cummins 1976). Individuals with a greater proportion of time spent 
around the periphery of the arena (i.e. zones deemed ‘safer’ and ‘low risk’) were assumed to 
express a more reactive, shy phenotype, whereas individuals who spent a greater proportion 
of time in the centre of the arena (i.e. zone associated with ‘high risk’) were assumed to 
express a more proactive, bold phenotype (Koolhaas et al. 1999; Sih, Bell, & Johnson 2004). 
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Average velocity and number of crosses between the periphery and centre of the arena were 
interpreted as representing variation in exploration tendency and activity. 
 
Figure 3.3 Analysis of open-field test videos was carried out using the auto-tracking software 
Ethovision XT. (a) The open-field test videos were opened using Ethovision XT (b) where zones 
representing the corners, edges and centre of the arena (c) were overlayed onto the video. (d) The 
videos were then analysed using the auto-tracking software that recorded the distance moved (blue 
line), velocity and the number of times the mouse moved between each of the zones.   
 
3.3.4 STATISTICAL ANALYSIS 
Data analyses were completed using the software R version 3.2.3 interfaced with RStudio 
version 1.0.136 (R Core Team 2015; RStudio Team 2016). Means are presented ± 1 SD. 
Linear mixed effects (LME) models were fitted using the package ‘lme4’ (Bates et al. 2015) 
and p-values were derived using the package ‘lmerTest’ (Kuznetsova, Brockhoff, & 
Christensen 2016).  
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ESTIMATION OF INDIVIDUAL VARIATION IN METABOLIC RESPONSES 
Methods used to derive average individual reaction norms for metabolic rate and energy 
expenditure have been previously described (Chapter 2). Briefly, four separate LME models 
were fitted to describe variation in the metabolic reaction norms of: RMR to a decrease in Ta 
from 31 to 15 °C on days when food was available (RMR-Ta), and RMR31, RMR15 and, 
DEE to starvation (RMR31-Food, RMR15-Food, and DEE-Food, respectively). In addition to 
the dependant variable (RMR or DEE), the models included fixed effects of average mb 
during trial, age, trial number, day within trial, the respirometry chamber number, a mb × food 
or Ta interaction, and a sex × food or Ta interaction. The DEE-Food model also included a 
fixed effect of wheel use. Air temperature was right centred on 31 °C and coded to vary 
between -1 and 0, representing 15 °C and 31 °C, respectively. Food availability was left-
centred on the ‘food available’ condition and coded to vary between 0 and 1, representing 
food available and not available, respectively.  
All four models also included a random intercept of mouse identity (𝑉𝑖𝑛𝑑𝐼) and 
trial*ID (𝑉𝑡𝑟𝑖𝑎𝑙∗𝐼𝐷𝐼), and a random slope for the environmental variable of interest (Ta or food 
availability) that allowed the slope to vary at the level of identity (𝑉𝑖𝑛𝑑𝑆) and trial*ID 
(𝑉𝑡𝑟𝑖𝑎𝑙∗𝐼𝐷𝑆). A backwards stepwise deletion method was used to remove non-significant fixed 
effects until only significant covariates remained (p < 0.05). The variance components 
estimated at the level of individual, representing the predicted individual differences from the 
population mean intercept (𝑉𝑖𝑛𝑑𝐼) and slope (𝑉𝑖𝑛𝑑𝑆), were extracted from the most 
parsimonious model for each reaction norm. The intercepts of the RMR-Ta and RMR31-Food 
reaction norms both represented RMR measured at 31 °C on days when food was available, 
and therefore we chose not to include the intercept of the RMR-Ta model in subsequent 
modelling. Average repeatability was estimated for the reaction norm intercept (eqn. 3.1a) 
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and slope (eqn. 3.1b). Average repeatability ignores within-individual variance (i.e. residual 
variance) and instead focuses on the mean estimated reaction norm. 
𝑅𝑖𝑛𝑡𝑒𝑟𝑐𝑒𝑝𝑡 =  
𝑉𝑖𝑛𝑑𝐼
𝑉𝑖𝑛𝑑𝐼+ 𝑉𝑡𝑟𝑖𝑎𝑙∗𝐼𝐷𝐼
    eqn. 3.1a 
𝑅𝑠𝑙𝑜𝑝𝑒 =  
𝑉𝑖𝑛𝑑𝑆
𝑉𝑖𝑛𝑑𝑆+ 𝑉𝑡𝑟𝑖𝑎𝑙∗𝐼𝐷𝑆
    eqn. 3.1b 
ESTIMATION OF INDIVIDUAL VARIATION IN BEHAVIOUR 
Variation in four different behaviours measured during the OFT were also described using 
LME models. The behaviours measured were: proportion of time spent around the periphery 
of the arena during the OFT (termed ‘periphery’), average velocity during the OFT (termed 
‘velocity’), number of crosses between the centre and the periphery zones (termed ‘zone 
crosses’), and number of faecal boli produced. We performed a Shapiro-Wilk normality test 
to test if data were normally distributed. For data that were not normally distributed, several 
transformations were applied to determine which was best able to normalise the data. 
Consequently, mb was log10 transformed, the number of faecal boli produced and zone 
crosses were square root transformed, velocity was cube root transformed and periphery was 
exponentially transformed. Each model included fixed effects of log10-mb, age, sex and trial 
number. All fixed effects were retained to allow for comparison across models. Each LME 
model also included a random intercept of mouse ID. The variance components estimated at 
the level of individual were extracted from the most parsimonious model for each trait. The 
variance components represent predicted individual differences from the population mean 
intercept (𝑉𝑖𝑛𝑑𝐼). The variance components estimated for the random intercept (𝑉𝑖𝑛𝑑𝐼) and for 
the residual variance (𝑉𝑒) were used to calculate repeatability of each trait (eqn. 3.2). All 𝑅 
values are presented with 95% confidence intervals (CI) that were calculated using a semi-
parametric bootstrap method with 1,000 simulations (‘lme4’ package in R). The number of 
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faecal boli produced was not repeatable and was therefore excluded from subsequent 
analyses.  
𝑅 =  
𝑉𝑖𝑛𝑑𝐼
𝑉𝑖𝑛𝑑𝐼+ 𝑉𝑒
   eqn. 3.2 
 
PRINCIPAL COMPONENTS ANALYSIS 
The predicted individual differences represent the average phenotypes for all individuals. If 
the predicted individual differences are repeatable within-individuals, they then represent 
CIDs. Consistent individual differences greater than 3 SD from the population mean were 
classified as outliers and removed from the dataset (n = 3). The relationships between the 
CIDs for each of the behavioural traits were examined by computing the Pearson’s 
correlation coefficient (r) and significance (p < 0.05) in a correlation matrix. The CIDs in 
each of the three behavioural traits (periphery, velocity and zone crosses) were closely 
correlated and therefore we performed a principal component analysis (PCA) to distribute 
variation in behaviour into new orthogonal axes. Although in many cases the metabolic 
reaction norm components were correlated, we did not perform a PCA because we were 
explicitly interested in testing for correlations of each individual component with the 
behavioural traits, rather than an overall metabolic phenotype. We tested for correlations 
between CIDs in behavioural responses to the OFT (using the CIDs for each trait and the first 
principal component from the PCA) and each of the seven metabolic reaction norm 
components by calculating the Pearson’s correlation coefficient (r) and significance (p < 
0.05) in a correlation matrix. We used the Benjamini-Hochberg procedure (BH) developed to 
compensate for the inflated risk of Type 1 error from performing multiple tests on the same 
data set. 
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3.4 RESULTS 
3.4.1 BODY MASS AND AGE 
Males has a greater body mass than females over the course of the experiment (Tukey, p < 
0.001). Body mass increased significantly between OFTs 1 and 2 (Tukey, p < 0.001), but 
remained consistent between OFTs 2 and 3 for both sexes (Tukey, p < 0.001; Table 3.1). Age 
increased significantly between all three OFTs (Tukey, p < 0.001; Table 3.1).  
 
Table 3.1 Descriptive statistics for variation among individuals in behavioural traits measured during 
each of three open-field tests in Diversity Outbred mice. 
 
 N obs. Mean ± s.d. Min Max CV 
Open-field test 1 91     
Body mass (g)  22.88 ± 4.93 15.77 42.70 0.215 
Age (days)  95.88 ± 15.00 77.00 140.00 0.156 
% time in periphery  74.33 ± 9.51 44.95 99.16 0.123 
Velocity (cm sec-1)  9.20 ± 2.73 3.30 15.55 0.297 
No. zone crosses  19.06 ± 10.06 3.00 42.00 0.529 
No. faecal boli  2.14 ± 1.74 0.00 8.00 0.817 
 
Open-field test 2 
 
77 
    
Body mass (g)  32.52 ± 7.04 21.51 55.61 0.216 
Age (days)  339.58 ± 54.11 279.00 425.00 0.159 
% time in periphery  77.38 ± 10.36 46.43 97.73 0.134 
Velocity (cm sec-1)  8.52 ± 2.56 3.57 15.11 0.300 
No. zone crosses  16.55 ± 11.06 0.00 58.00 0.667 
No. faecal boli  1.68 ± 1.35 0.00 8.00 0.807 
 
Open-field test 3 
 
80 
    
Body mass (g)  30.87 ± 6.47 19.34 54.11 0.210 
Age (days)  371.96 ± 50.97 316.00 455.00 0.137 
% time in periphery  81.03 ± 10.44 44.58 98.83 0.129 
Velocity (cm sec-1)  7.59 ± 2.92 2.76 18.07 0.384 
No. zone crosses  12.81 ± 8.56 0.00 42.00 0.668 
No. faecal boli  1.78 ± 1.20 0.00 7.00 0.678 
  
84 
 
3.4.2 METABOLIC RESPONSES TO TEMPERATURE AND FOOD AVAILABILITY 
The response of RMR to a decrease in Ta from 31 to 15 °C on days when food was available 
(RMR- Ta reaction norm) was determined by fitting a LME model that estimated the 
population mean intercept (i.e. RMR31 at 31 °C) and slope, where a steeper, more negative 
slope would correspond with a stronger increase in RMR in response to a decrease in Ta. The 
LME model predicted average RMR at 31 °C was 0.245 ± 0.017 W, and the average response 
to a 16 °C reduction in Ta was a 0.224 ± 0.014 W increase in RMR. The average response of 
RMR to a reduction in Ta varied by 20% among individuals exhibiting the most extreme 
phenotypic responses (i.e. individuals in the 5th and 95th percentiles; Table S3.5). Average 
repeatability was moderate for RMR at 31 °C when food was available (𝑅𝑖𝑛𝑡𝑒𝑟𝑐𝑒𝑝𝑡= 0.36, 
0.18 – 0.53) and low for RMR in response to Ta (𝑅𝑠𝑙𝑜𝑝𝑒= 0.19, 0.02 – 0.35). 
 The responses of RMR31 and RMR15 to starvation were separately determined by 
fitting two LME models that estimated the population mean intercept (i.e. RMR31; 
equivalent to BMR except for the possible influence of food; or RMR15) and slope, where a 
steeper, more negative slope corresponds with a stronger response to starvation. The first 
LME model predicted average RMR31 was 0.244 ± 0.013 W, and the response to starvation 
was a 0.034 ± 0.011 W decrease in RMR31. Among-individuals exhibiting the most extreme 
phenotypes (i.e. individuals in the 5th and 95th percentiles), RMR31 and the response of 
RMR31 to starvation varied by 18 and 101%, respectively (Table S3.5). Average 
repeatability was moderate for RMR31 (𝑅𝑖𝑛𝑡𝑒𝑟𝑐𝑒𝑝𝑡= 0.30, 0.13-0.49), but high for the 
response of RMR31 to starvation (𝑅𝑠𝑙𝑜𝑝𝑒= 0.63, 0.21-0.95).  
The second LME model predicted average RMR15 was 0.425 ± 0.020 W, and the 
response to starvation was a 0.124 ± 0.016 W reduction in RMR15. Among-individuals 
exhibiting the most extreme phenotypes (i.e. individuals in the 5th and 95th percentiles), 
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RMR15 and the response of RMR15 to starvation varied by 15 and 44%, respectively (Table 
S3.5). Average repeatability was high for RMR15 (𝑅𝑖𝑛𝑡𝑒𝑟𝑐𝑒𝑝𝑡= 0.74, 0.32 – 0.91), and 
moderate for the response of RMR15 to starvation (𝑅𝑠𝑙𝑜𝑝𝑒= 0.43, 0.04 – 0.69). 
The response of DEE to starvation was determined by fitting a LME model that 
estimated the population mean intercept (i.e. DEE) and slope, where a steeper, more negative 
slope corresponds with a stronger response to starvation. The LME model predicted that 
average DEE was 45.18 ± 1.90 kJ 24 h-1 when food was available, and that DEE decreased by 
4.15 ± 1.77 kJ 24 h-1 in response to starvation. Among-individuals exhibiting the most 
extreme phenotypes (i.e. individuals in the 5th and 95th percentiles), DEE and the response of 
DEE to starvation varied by 14 and 139%, respectively (Table S3.5). Average repeatability 
was moderate for DEE (𝑅𝑖𝑛𝑡𝑒𝑟𝑐𝑒𝑝𝑡= 0.32, 0.12 – 0.48), and high for the response of DEE to 
starvation (𝑅𝑠𝑙𝑜𝑝𝑒= 0.69, 0.36 – 0.95). 
3.4.3 BEHAVIOURAL TRAITS 
The average proportion of time that an individual spent around the periphery of the arena 
over all three OFTs was 77.4 ± 10.5%. A LME model predicted that the time spent around 
the periphery (exponentially transformed) was positively affected by age (p = 0.050) test 
number (p = 0.050), but not by log10-mb or sex (p > 0.08; Figure S3.1; Table S3.1). Together, 
the fixed effects and random effect of ID from the LME model explained 65.6% of variation 
in ‘periphery’ (i.e. conditional R2; Table S3.1). Time spent around the periphery was 
repeatable within individuals (R = 0.62, 0.51 – 0.73). One individual with a random intercept 
> three standard deviations away from the population mean (P077, random intercept = -0.46) 
was classed as an outlier and removed from subsequent analyses. The LME model predicted 
that average proportion of time individuals spent in the periphery of the arena (i.e. random 
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intercept for periphery) differed by up to 29% between the most extreme responses (i.e. 
individuals with lowest and highest predicted intercepts; Figure 3.4a; Table S3.5).  
Average velocity over all three OFTs was 8.47 ± 2.82 (cm sec-1). A LME model 
predicted that velocity (cube root transformed) was positively affected by sex (p = 0.012) and 
age (p = 0.016), and negatively affected by test number (p < 0.001) and log10-mb (p = 0.034; 
Figure S3.2; Table S3.2). Together, the fixed effects and random effect of ID from the LME 
model explained 71.2% of variation in velocity (i.e. conditional R2; Table S3.2). Time spent 
around the periphery was repeatable within individuals (R = 0.68, 0.57 – 0.77). The LME 
model predicted that the average velocity individuals maintained (i.e. random intercept for 
velocity) differed by 30% between the most extreme responses (i.e. individuals with lowest 
and highest predicted intercepts; Figure 3.4b; Table S3.5).  
The average number of crosses between the centre and periphery zones of the arena 
over all three OFTs was 16.25 ± 10.26. A LME model predicted that the number of zone 
crosses (square root transformed) was negatively affected by test number (p < 0.001), but not 
by log10- mb, sex or age (p > 0.26; Figure S3.3; Table S3.3). Together, the fixed effects and 
random effect of ID from the LME model explained 61.3% of variation in the zone crosses 
(i.e. conditional R2; Table S3.3). The number of zone crosses was repeatable within 
individuals (R = 0.58, 0.46 – 0.70). The LME model predicted that the average number of 
zone crosses by individuals (i.e. random intercept for zone crosses) differed by 74% between 
the most extreme responses (i.e. individuals with lowest and highest predicted intercepts; 
Figure 3.4c; Table S3.5). 
The average number of faecal boli produced during each OFTs was 1.88 ± 1.48. A 
LME model predicted that the number of faeces (square root transformed) was negatively 
affected by age (p = 0.013), but not by log10- mb, sex or test number (p > 0.09; Figure S3.4; 
Table S3.4). Together, the fixed effects and random effect of ID from the LME model 
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explained 20.8% of variation in the trait (i.e. conditional R2; Table S3.4). The number of 
faecal boli produced production was not repeatable within individuals (R = 0.16, 0.01 – 0.34). 
The average number of faecal boli produced by individuals differed substantially among 
individuals (Figure 3.4d; Table S3.5). 
 
 
Figure 3.4 Predicted individual differences in behaviour measured across three open-field tests. 
Predicted individual variation (black lines; n = 96) and population mean (red lines) response for (a) 
the proportion of time spent around the periphery of the arena (exponentially-transformed), (b)  
velocity (cm sec-1; cube root-transformed), (c), number of zone crosses (square root-transformed), 
and (d) number of faecal boli produced (square root-transformed). Lines represent predicted 
individual responses estimated from linear mixed effects models (Tables S3.1 – S3.5). 
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3.4.4 BEHAVIOURAL SYNDROMES 
As faecal production was not repeatable within individuals (R = 0.16, 0.01 – 0.34) it was 
excluded from subsequent analyses. The CIDs estimated from the LME models fitted to 
explain variation in periphery, velocity and zone crosses were highly correlated (Figure 3.5; 
Table S3.5). Hence, we performed a PCA to derive a single axis of behavioural responses to 
the OFT by partitioning individual variation in each of the behavioural traits into a new 
explanatory variable (Table 3.2). The first principal component (PC1; eigenvalue = 2.220) 
accounted for 74% of the total variance, and the positive values of PC1 represented 
individuals that spent a greater proportion of time in the periphery zone of the arena, and that 
also had a lower velocity and fewer zone crosses during the OFT.  
 
Figure 3.5 Correlations among predicted individual differences in behavioural traits (n = 95). 
Variation in trait expression was estimated from three separate linear mixed effects models 
accounting for log10 body mass, sex, age and test number. Traits are shown along the diagonal, the 
Pearson’s correlation coefficient (r) and associated p-values are given in the upper-right, and the 
corresponding linear regressions between variables are reflected in the bottom-left. 
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Table 3.2 Summary of principal components analysis of individual differences in behaviour measured 
during three open-field tests in Diversity Outbred mice (n = 94). 
 
 PC1 PC2 PC3 
Eigenvalue 2.220 0.649 0.131 
Proportion Var. 73.99 21.65 4.370 
Cumulative Var. 73.99 95.63 100.0 
% time in periphery 0.537 -0.717 0.445 
Velocity -0.543 -0.697 -0.467 
No. zone crosses -0.645 -0.009 0.764 
Dominant variables influencing the principal 
components (> 0.4 or < -0.4) are in boldface. 
 
3.4.5 CORRELATIONS BETWEEN METABOLIC AND BEHAVIOURAL TRAITS 
Consistent individual differences in behavioural responses measured using an OFT 
(periphery, velocity or zone crosses) were not correlated with CIDs in any of the seven 
metabolic reaction norm components (  
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Table 3.3 & Table S3.5). The correlation between velocity and RMR31 was significant (p = 
0.034) prior to a BH correction. However, after the BH correction the p-value for the 
correlation was not below the new critical value whereby q = 0.0024. Similarly, individual 
differences in PC1 were not correlated with CIDs in any of the seven metabolic reaction 
norm components (Table 3.4 & Table S3.5).  
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Table 3.3 Correlations among consistent individual differences in metabolic reaction norms and 
behaviour. Pearson’s correlation coefficients (r) and associated p-values among consistent individual 
differences in behavioural traits measured using an open-field test and consistent individual 
differences in the intercept (Int.) and slope (Slp.) of reaction norms of resting metabolic rate (RMR) 
in response to a decrease in air temperature from 31 to 15 °C (RMR-Ta), and RMR at 31 °C, RMR at 
15 °C, and daily energy expenditure (DEE) in response to starvation in Diversity Outbred mice (n = 
95). 
 Periphery* Velocity† Zone crosses‡ 
 r p r p r p 
Slp. RMR-Ta 0.05 0.628 0.09 0.396 0.03 0.740 
Int.  RMR31-Food -0.05 0.612 0.22 0.034 0.16 0.130 
Slp. RMR31-Food 0.05 0.639 -0.19 0.070 -0.10 0.325 
Int.  RMR15-Food -0.02 0.824 0.14 0.172 0.13 0.230 
Slp. RMR15-Food 0.11 0.298 -0.12 0.243 -0.05 0.624 
Int.  DEE-Food 0.00 0.999 0.16 0.134 0.13 0.209 
Slp. DEE-Food 0.03 0.762 0.06 0.588 0.05 0.609 
Behavioural traits were transformed to normalise data: *Periphery was exponentially transformed; 
†Velocity was cube-root transformed; ‡ No. of zone crosses was square-root transformed. 
None of the values in the table remained significant after applying a Benjamini and Hochberg 
correction for multiple simultaneous tests. 
 
Table 3.4 Correlations among consistent individual differences in metabolic reaction norms and 
behavioural syndromes. Pearson’s correlation coefficients (r) and associated p-values among 
individual behavioural syndromes described by principal component 1 (PC1) and consistent 
individual differences in the intercept (Int.) and slope (Slp.) of reaction norms of resting metabolic 
rate (RMR) in response to a decrease in air temperature from 31 to 15 °C (RMR-Ta), and RMR at 31 
°C, RMR at 15 °C, and daily energy expenditure (DEE) in response to starvation in Diversity Outbred 
mice (n = 95). 
 PC1 rank 
 r p 
Slp. RMR-Ta -0.03 0.781 
Int.  RMR31-Food -0.17 0.107 
Slp. RMR31-Food 0.13 0.209 
Int.  RMR15-Food -0.11 0.273 
Slp. RMR15-Food 0.11 0.309 
Int.  DEE-Food -0.11 0.277 
Slp. DEE-Food -0.03 0.758 
The values in the table were not significant after 
applying a Benjamini and Hochberg correction 
for multiple simultaneous tests. 
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3.5 DISCUSSION 
We found that individuals exhibited strong CIDs in behaviour measured in response to an 
OFT, that were correlated such that individuals exhibited variation in behavioural syndromes 
along a proactive – reactive continuum (Koolhaas et al. 1999; Sih, Bell, & Johnson 2004). 
However, we found no evidence that these behavioural traits were correlated with CIDs in 
metabolic reaction norms to Ta or food availability. Energy expenditure of small endotherms 
can vary strongly in response to Ta and food availability (Geiser 2004; McCue 2010), and our 
experiment is unique in providing a robust test for correlations between these ecologically 
relevant individual energetic responses and a commonly employed behavioural test. By 
keeping the mice in standard laboratory conditions that minimised the impact of factors that 
might influence trait expression, the methodology allowed us to conduct a strong 
experimental test of the hypothesis that there is a physiological or genetic link between CIDs 
in metabolism and CIDs in behaviour. As we did not observe a correlation, our experiment 
provides strong evidence against a direct physiological link between CIDs in metabolism and 
CIDs in behaviour. 
3.5.1 CONSISTENT INDIVIDUAL DIFFERENCES IN METABOLIC AND BEHAVIOURAL TRAITS 
The presence of CIDs in individual phenotypes within a population is important because, 
assuming that there is a genetic basis for the variation, they can be targeted by natural 
selection (Careau et al. 2008; Falconer & Mackay 1996). In endotherms, CIDs in metabolic 
rate (i.e. repeatability) are generally high over the short-term, declining over time (White, 
Schimpf, & Cassey 2013). The average intercepts for the RMR-Ta, RMR31-Food and DEE-
Food reaction norms measured here agree with this trend, exhibiting low repeatability 
(𝑅𝑖𝑛𝑡𝑒𝑟𝑐𝑒𝑝𝑡 < 0.36) over the one-year measurement period. Consistent individual differences 
in metabolic responses to environmental conditions have scarcely been examined (but see: 
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Chapter 2; Briga & Verhulst, 2017; Careau et al., 2014; Mitchell & Biro, 2017). However, 
our results demonstrate that CIDs in the metabolic response to starvation are large and robust, 
even after one year. The slopes of RMR31, RMR15 and DEE in response to food availability 
varied by 101%, 44% and 139% among the strongest and weakest responders (i.e. individuals 
with slopes in the 5th and 95th percentiles), respectively. The average individual slopes were 
also highly repeatable over one-year, with 𝑅𝑠𝑙𝑜𝑝𝑒 ranging between 0.43 to 0.69. Such large 
CIDs emphasise the need to recognise these metabolic reaction norm components as 
independent traits that might be targets for natural selection.  
 The amount of time spent around the periphery of the arena (i.e. index of boldness), 
velocity and number of crosses between the centre and periphery (i.e. indices for activity and 
exploration) measured using an OFT varied by 29 to 74% among individuals exhibiting the 
strongest and weakest phenotypes (i.e. minimum and maximum intercept for the behavioural 
trait). Average behaviours were significantly repeatable over the one-year test period with 
repeatability ranging between 0.58 to 0.68. Repeatability of the behavioural traits measured 
in our study is higher than those generally reported in endotherms (average R ~ 0.35; 
reviewed in Bell et al., 2009). Body mass did not significantly affect behavioural expression, 
and sex only affected velocity, with males on average faster than females. Velocity and the 
number of zone crosses decreased across the three OFTs, but the amount of time in the 
periphery increased. As these traits were highly repeatable, it indicates that the phenotypes of 
all individuals shifted towards a more reactive, cautious phenotype with time and greater 
exposure to the OFT. This result is contrary to the predicted trade-off between current and 
future reproduction, where it is expected that individuals with more remaining reproductive 
opportunities (i.e. young adults) would exhibit a more risk adverse phenotype to enhance the 
probability of future reproductive success (Wolf et al. 2007). 
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A PCA found that CIDs in the three behaviours were correlated, such that individuals 
who spent a greater proportion of time in the periphery of the arena, had a lower velocity and 
fewer crosses between the centre and periphery zones. Velocity and the number of zone 
crosses provided indices for the tendency for exploration and activity (Belzung 1999; Gould, 
Dao, & Kovacsics 2009), whereas time spent in the periphery of the arena is associated with 
perceived predation risk and reflects differences along a shy – bold spectrum (Russell, 1983). 
The periphery of the arena is perceived by the mice as safer due to the proximity to the arena 
walls, while the centre is perceived as risker due to the apparent exposure to predation risk. 
Hence, the attributes of PC1 reflect variation along a reactive – proactive continuum, with 
high ranked individuals expressing the characteristics of a more reactive personality (Biro et 
al. 2004; Careau et al. 2008; Koolhaas et al. 1999; Stamps 2007). Similar behavioural 
syndromes between boldness, activity and exploration have been reported in other mammal 
species (Koolhaas et al. 1999; Réale et al. 2010; Schuster et al. 2017; Sih, Bell, & Johnson 
2004).  
Together, our results indicate that Diversity Outbred laboratory mice exhibit CIDs in 
metabolic responses to starvation and CIDs in behavioural syndromes along a proactive – 
reactive continuum. Laboratory mice are exposed to minimal ecological pressures that are 
consistent among individuals, yet, individuals exhibit CIDs in certain behaviours and in 
metabolic reaction norms, despite the consistent ecological context. The result unique to our 
study is that, not only is there is a physiological or genetic basis to the expression of average 
behaviours and metabolism, but also to the expression of metabolic reaction norms. The 
development and persistence of CIDs in metabolic reaction norms and in behavioural 
syndromes within a population might have resulted from evolution favouring optimal trait 
correlations in a given environment (Bell 2005; Dingemanse et al. 2007). The expression of 
CIDs in metabolic and behavioural phenotypes might also be driven by differences in the 
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expression of genomes through epigenetic effects, and by permanent developmental effects 
such as maternal quality (Dingemanse et al. 2010).  
3.5.2 CORRELATIONS BETWEEN CONSISTENT INDIVIDUAL DIFFERENCES IN METABOLIC AND 
BEHAVIOURAL TRAITS 
Despite evidence that individuals display CIDs in metabolic reaction norms and behavioural 
phenotypes (Biro & Stamps 2010), we did not find a correlation between CIDs metabolic 
reaction norms and CIDs in behaviour at the individual level. We expected correlations 
between CIDs in metabolic and behavioural phenotypes for two main reasons. Firstly, 
behaviour contributes to the energy budget, hence individual variation in behaviour is 
hypothesised to co-vary with metabolism (Biro & Stamps 2010; Careau et al. 2008). 
Behaviour can both consume energy and also facilitate the acquisition or defence of food 
energy (Biro & Stamps 2010). For instance, behaviours such as locomotion and territory 
defence can be energetically costly (Finerty, Wolt, & Davis 2009; Ros, Becker, & Oliveira 
2006). While locomotion requires energy (Koteja 2000; Schmitz 2005; Yeates, Williams, & 
Fink 2007), when used to forage it can result in net energy acquisition (Werner & Anholt 
1993). According to the increased intake hypothesis, metabolism should be correlated with 
behaviour, because more reactive individuals with higher levels of activity, aggression and 
exploration, require larger ‘metabolic machines’ to facilitate their energetically costly 
behaviours, and this should be reflected in higher RMR and DEE (Careau et al. 2008; Nilsson 
2002). Alternatively, the predicted relationship might be caused by a positive feedback loop 
whereby individuals with higher energy requirements (i.e. high RMR) also exhibit behaviours 
such as high levels of exploration and aggression to support foraging and resource defence, 
that in turn facilitate their high energy requirements (Careau et al. 2008, 2011).  
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Secondly, we expected a correlation between CIDs in metabolic reaction norms and 
behavioural phenotypes because under the POLS hypothesis it has been proposed that CIDs 
in individual traits cannot be understood in isolation because they have co-evolved as part of 
an integrated syndrome of physiological, behavioural and life-history traits, whereby 
optimum trait correlations are favoured by selection to increase fitness in a given 
environment (Réale et al. 2010). Correlations have been observed between CIDs in 
metabolism and behaviour (Biro & Stamps 2010). Consistent individual differences in 
metabolism and behaviour have also been independently linked to variation in life-histories 
(Biro & Stamps 2008; White & Kearney 2013). Furthermore, CIDs in metabolism and 
behaviour have also been linked to the expression of certain hormones. For example, 
proactive and reactive individuals have been shown to vary in their reactivity across the 
hypothalamic-pituitary-adrenal axis that helps regulate metabolism and stress responses 
(Dallman et al. 1995; Koolhaas et al. 1999). Among individual variation in behavioural 
syndromes is also correlated with activity of the sympathetic and parasympathetic nervous 
systems, testosterone activity (Koolhaas et al. 1999) and serotonin (Réale et al. 2007). 
Similarly, there is evidence that metabolic rate is regulated by various hormones such as 
thyroid hormones (involved in substrate metabolism and thermogenesis; Chastel et al. 2003, 
Elliott et al. 2013), testosterone (linked to aggression; Chastel et al. 2003, Buchanan et al. 
2001) and leptin (involved in regulation of insulin levels and hunger; Zhu & Wang 2014). 
Despite some evidence to the contrary, there is low overall support for the POLS within-
species (Royauté et al. 2018). Indeed, metabolism and behaviour might independently affect 
fitness traits such as reproduction and survival without sharing an underlying physiological 
link (Montiglio et al. 2018). For instance, both reactive and proactive individuals might 
experience similar selection pressure to minimise their energetic costs when at rest or under 
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energetic stress, or maximise energy expenditure when escaping a predator (Royauté et al. 
2018).  
Our results suggest that there are no shared physiological mechanisms that link CIDs 
in metabolic reaction norms and CIDs in behavioural responses to an OFT. Although we did 
not observe co-variation between these different aspects of metabolism and behaviour in the 
laboratory mice, we do not preclude the possibility of a correlation under different conditions. 
Indeed, co-variation might only be expected when the ecological context demands it. For 
example, the slope of RMR to starvation might only be correlated with behaviours that are 
relevant to survival when food is limited, such as foraging effort. We suggest that if 
correlations between CIDs in metabolic and behavioural phenotypes are shown in wild 
populations that they could be due to environmental factors that lead to optimal trait 
correlations to increase the fitness outcomes within a population, rather than a shared 
physiological basis (Dingemanse et al. 2007). 
To our knowledge, no other studies have examined the relationship between CIDs in 
behavioural phenotypes and CIDs in the slopes of metabolic responses to Ta and food 
availability or metabolic rate at sub-thermoneutral Ta’s. The most common correlations 
examined are those between behaviour and RMR measured within the TNZ (Biro & Stamps 
2010). However, RMR in the TNZ, does not account for individual variation in 
thermoregulatory responses to variable Ta and food availability that can result in large energy 
savings that might affect behaviour. For example, free-living animals must make decisions 
about where and when to forage based on the risk of predation versus the risk of starvation 
(Lima & Dill 1990). The ability to save energy by reducing RMR is likely to influence this 
decision. 
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3.5.3 CONCLUSIONS 
Our study is the first to test for correlations among CIDs in metabolic reaction norms to Ta 
and food availability and CIDs in behavioural phenotypes and provides a strong experimental 
test of the hypothesis that there is a direct physiological or genetic link between CIDs in 
metabolic reaction norms and behaviour. Our results reject this hypothesis and indicate that 
there is no such link between CIDs in metabolic reaction norms and behaviour.  
We encourage future research to test for correlations among CIDs in different aspects 
of metabolism and behaviour in semi-controlled captive studies where ecological conditions, 
such as perceived predation risk and resource availability can be controlled. Ideally such an 
approach would occur over multiple generations to estimate the evolutionary consequences of 
co-variation in CIDs in metabolism and behaviour.  
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Chapter 4  
INDIVIDUAL METABOLIC RESPONSES TO TEMPERATURE AND FOOD AVAILABILITY OF 
ADULT MICE PREDICT OFFSPRING GROWTH RATES 
4.1 ABSTRACT 
It is hypothesised that individual differences in basal metabolic rate (BMR) are correlated 
with fitness, however the nature of a relationship between BMR and components of fitness is 
poorly understood. This might be because the different proposed models of energy 
management interpret BMR as having a different role in the overall metabolic phenotype. 
Individual differences in metabolic responses to environmental gradients could provide a 
more ecologically relevant component of metabolism to test hypotheses linking metabolism 
with fitness. 
Here, we used a reaction norm approach to describe consistent individual differences 
(CIDs) in the metabolic responses of to two ecologically important gradients – air 
temperature (Ta) and food availability. Over a one-year period, we used open-flow 
respirometry to repeatedly measure the response of resting metabolic rate (RMR) to a 
decrease in Ta from 31 to 15 °C, and the response of RMR at 31 °C (RMR31), RMR at 15 °C 
(RMR15) and daily energy expenditure (DEE) to starvation in 77 Diversity Outbred 
laboratory mice. We then evaluated whether CIDs in the intercept and slope of average 
metabolic reaction norms were correlated with reproductive fitness (i.e. litter size and 
offspring growth rate). 
There were large and CIDs in the metabolic responses to starvation for RMR31 
(𝑅𝑠𝑙𝑜𝑝𝑒 = 0.35), RMR15 (𝑅𝑠𝑙𝑜𝑝𝑒 = 0.52) and DEE (𝑅𝑠𝑙𝑜𝑝𝑒 = 0.57) and for RMR15 on days 
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when food was available (𝑅𝑖𝑛𝑡𝑒𝑟𝑐𝑒𝑝𝑡 = 0.69). And although there was considerable variance 
among individuals for the remaining reaction norm components, repeatability was low (𝑅 ≤ 
0.22). Litter size was negatively correlated with the mothers age but not with the parent’s 
metabolic phenotype.  
During the period of time when mice grew from 1 to 16 days old (Phase 1) offspring 
growth rate was positively correlated with the mother’s metabolic response to Ta. Mothers 
with the strongest metabolic response to Ta produced offspring that gained 15.1% more mass 
than those with the weakest metabolic response to Ta. Consistent individual differences in 
several of the parent’s metabolic reaction norm components were correlated with offspring 
mass at weaning (i.e. 31 days old). At weaning, offspring produced by mothers with the 
strongest metabolic response to Ta, were 7.7% heavier than those from mothers with the 
weakest metabolic response to Ta. At weaning, offspring produced by mothers with the 
weakest change in DEE in response to starvation were 8.8% heavier than those from mothers 
with the largest change in DEE. Furthermore, at weaning, offspring from fathers with the 
lowest average RMR31 were 6.1% heavier than those from fathers with the highest average 
RMR31. Finally, at weaning, offspring from fathers with the weakest RMR31 and RMR15 in 
response to starvation were 8.3% and 13.6% heavier than those with the strongest metabolic 
response to starvation, respectively.   
The positive effect of mother’s metabolic response to Ta on growth rates during the 
early growth phase (i.e. days 1 to 16) could be explained by two mechanisms that are not 
mutually exclusive. The amount of energy that mothers can invest in milk production could 
be limited by their capacity to dissipate heat, therefore a stronger metabolic response to Ta 
might increase offspring growth rate. Heat transfer from the mother could also have a more 
direct positive effect on the RMR of the offspring and therefore increase their growth rates. 
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These results indicate that CIDs in different components of the parent’s metabolic 
phenotypes are correlated with indices of reproductive fitness in different ways and at 
different stages of growth.  
4.2 INTRODUCTION 
An animal’s energy expenditure, that is how a finite amount of food energy is distributed 
among competing physiological and biological processes, forms a principal component of 
life-history theory. It is hypothesised that metabolic rate is important in modulating energetic 
trade-offs between growth, reproduction and self-maintenance, yet the nature of a 
relationship between metabolic rate and components of fitness is infrequently tested and 
remains poorly understood (Burton et al. 2011).  
In the current hypotheses explaining how metabolic rate relates to resource 
acquisition and allocation in endothermic animals it is proposed that basal metabolic rate 
(BMR) plays different roles in the overall metabolic phenotype. The increased intake 
hypothesis predicts a positive relationship between BMR (i.e. minimum self-maintenance 
costs) and an animal’s capacity to assimilate and process energy to fuel processes such as 
growth and reproduction (Biro & Stamps 2010; Burton et al. 2011; Careau et al. 2008; Drent 
& Daan 1980; Nilsson 2002). The compensation hypothesis, in contrast, predicts a negative 
relationship between maintenance energy costs, as represented by BMR, and remaining 
energy available for growth and reproductive output (Biro & Stamps 2010; Careau et al. 
2008; Metcalfe, Taylor, & Thorpe 1995). These hypotheses therefore make opposite 
predictions concerning the sign of any relationship between BMR and daily energy 
expenditure (DEE), yet there is evidence supporting and opposing both hypotheses. 
Each hypothesis requires BMR to reflect somewhat different aspects of the metabolic 
phenotype. Under the increased intake hypothesis, BMR is assumed to reflect the size or 
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capacity of the metabolic machinery that limits the rate of energy assimilation and allocation 
and hence the amount of energy that an animal can use (Careau et al. 2008; Nilsson 2002). 
Whereas, under the compensation hypothesis, BMR is subtracted from the total amount of 
energy available and therefore reduces the amount of energy that could potentially be used 
for production. Certainly, BMR could reflect both functions, such that a larger metabolic 
engine is also generally costlier to maintain. In that case, the assumption of each hypothesis 
depends on the environmental energy available. If the daily energy budget is limited, the 
assumptions of the compensation hypothesis might be true, whereas if energy is abundant, the 
assumptions of increased intake hypothesis might be true. Hence, both hypotheses could be 
supported depending on the environmental context. However, it is also possible that BMR 
might not reflect the assumptions of either hypothesis .  
The underlying assumption that BMR is a good predictor of energy expenditure at the 
individual level is not well demonstrated and is often weak (reviewed in Chapter 2), resulting 
possibly from co-variation with other factors (Speakman 1999). Currently, evidence 
supporting the existence and direction of any relationship between BMR and DEE and their 
possible correlation with fitness is equivocal. For instance, we reviewed 14 studies that tested 
for a relationship between metabolism and various indices of reproductive fitness in small 
mammals. Of these, five found a positive correlation between metabolism and fitness 
(Boratyński & Koteja, 2010; Glazier, 1985; Kam et al., 2003; Sadowska et al., 2013; Zhu & 
Wang, 2014), two found a negative correlation (Boratyński et al. 2013; Kagya-Agyemang, 
Król, & Speakman 2012), while half found no significant correlation (Derting & McClure, 
1989; Duarte et al., 2010; Earle & Lavigne, 1990; Hayes et al., 1992; Johnson et al., 2001; 
Johnston et al., 2007; Speakman, Król, et al., 2004; Table 4.1). A possible explanation for the 
conflicting results of previous studies is uncertainty about whether BMR, as single index of 
metabolism measured under standardised conditions, provides a meaningful predictor of the 
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relevant components of energetics that are expected to influence fitness for animals under 
specific environmental conditions and different physiological states. 
By its very definition, BMR excludes metabolic plasticity to environmental conditions 
and thermoregulatory metabolism below the thermoneutral zone, even though variation in 
body temperature (Tb), thermal conductance and use of energy-saving mechanisms such as 
torpor could have an important influence on survival, growth and reproductive output. Torpor 
is a controlled reduction in Tb ,metabolic rate and other physiological functions to reduce 
energy requirements (Geiser 2004). Daily torpor is an important thermoregulatory 
mechanism used by many small heterothermic mammals and birds to save energy when faced 
with poor environmental conditions or even to balance the high energetic costs of growth 
(Giroud et al. 2014) or lactation (Dzal & Brigham 2013; Geiser 2004; McAllan & Geiser 
2014). In fact, a reduction in Tb to decrease energetic requirements is a common response 
even among typically homeothermic mammals (Signer, Ruf, & Arnold 2011; Turbill et al. 
2013). An important component of among-individual differences in energetics concerns 
individual metabolic responses to environmental or physiological challenges, yet these 
factors are purposefully removed from the most commonly applied index of individual 
metabolic phenotypes.  
Individual differences in metabolic plasticity or metabolic rate measured below the 
thermoneutral zone might be able to provide a more ecologically relevant index of an 
animal’s reproductive output than BMR because they encapsulate how metabolism responds 
to conditions which animals are likely to experience in the wild. Individual variation in 
metabolic plasticity has been observed in response to a number of environmental gradients 
including: low to high predation (Handelsman et al. 2013); air temperature (Ta; Briga & 
Verhulst, 2017; Careau et al., 2014; McKechnie, Chetty, & Lovegrove, 2007); food 
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availability (Rikke et al. 2003); and a combination of Ta and food availability (Dikic, 
Heldmaier, & Meyer 2008; Sheafor & Snyder 1996). 
Despite the prevalence and importance of individual variation in metabolic plasticity, 
the fitness consequences remain widely unknown. Overall, the use of hibernation as an 
energy saving mechanism increases survival and is associated with the evolution of slow life-
histories among mammal species (Turbill, Bieber, & Ruf, 2011). Within-species, metabolic 
plasticity can also have fitness consequences. For instance, consistent individual differences 
(CIDs) in the onset and use of torpor use over winter in free-ranging eastern chipmunks 
(Tamias striatus) affects survival and offspring production in spring, whereby individuals that 
use less torpor at the beginning of winter have decreased over-winter survival, but greater 
reproductive success in the spring (Dammhahn et al. 2017). In wild rabbits (Oryctolagus 
cuniculus), individual differences in daily Tb fluctuations prior to breeding and minimum 
daily Tb are correlated with the number of reproductive events in the subsequent months 
(Maloney et al. 2017). Individual differences in metabolic plasticity are clearly important, 
and as such could help further our current understanding of how metabolism is involved in 
modulating the energetic trade-offs between growth, reproduction and self-maintenance. 
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Table 4.1 Summary of empirical studies that have examined the relationship between metabolism and life-history traits. 
Life-history trait Metabolic 
component 
Ta (°C)  
MR 
Species Setting Food 
condition 
Relationship References 
Growth rate 
Growth rate SMR 12.8 - 13 Atlantic salmon (Salmo salar) L AL +ve (McCarthy 2000) 
Growth rate SMR 13 - 17 Atlantic salmon (Salmo salar) L AL -ve (Reid, Armstrong, & Metcalfe 2011) 
Growth rate SMR 15 Brown trout (Salmo trutta) L AL -ve in 2 streams; 
 n.s. in 2 streams 
(Álvarez & Nicieza 2005) 
Growth rate SMR 10 Masu salmon (Oncorhynchus masou) L AL +ve (Yamamoto, Ueda, & Higashi 1998) 
Growth rate SMR 25 Snapping turtle (Chelydra serpentina) L AL -ve (Steyermark 2002) 
Growth rate BMR 30 Bank vole (Myodes glareolus) L AL +ve (Sadowska et al. 2009) 
Growth rate BMR 31.5 - 32.5 Cotton rat (Sigmodon hispidus) L AL & R +ve (Derting 1989) 
Growth rate BMR 32 - 32.5 Cotton rat (Sigmodon hispidus) L AL n.s. (Derting & McClure 1989) 
Growth rate RMR/DEE 30 Eastern chipmunk (Tamias striatus) F 1R +ve (Careau, Bergeron, et al., 2013) 
Reproductive investment and success 
Feeding rate SMR 13 - 17 Atlantic salmon (Salmo salar) L AL +ve (Reid, Armstrong, & Metcalfe 2011) 
Litter size, gestation 
duration 
SMR 25 Speckled cockroach (Nauphoeta cinereal) L AL n.s. litter size, 
-ve gestation 
(Schimpf, Matthews, & White 2012) 
Reproductive fitness BMR 30.5 House sparrow (Passer domesticus) F n.a. -ve (Rønning et al. 2016) 
Litter size, feeding rate BMR 25 Marsh tit (Parus palustris) L AL +ve (Nilsson 2002) 
Offspring growth rate BMR 28 Storm petrel (Oceanodroma leucorhoa) F n.a. -ve in males;  
n.s. females 
(Blackmer et al. 2005) 
Litter size BMR 30 Bank vole (Myodes glareolus) L AL -ve (Boratyński et al. 2013) 
Reproductive fitness BMR 30 Bank vole (Myodes glareolus) F n.a. +ve (Boratyński & Koteja 2010) 
Litter production BMR 32 - 32.5 Cotton rat (Sigmodon hispidus) L AL n.s. (Derting & McClure 1989) 
Offspring growth rate RMR 31 Deer mouse (Peromyscus species.) L AL +ve (Glazier 1985) 
Litter mass, litter size, 
offspring growth rate 
RMR 21 - 31 Deer mouse (Peromyscus maniculatus) L AL n.s. (Earle & Lavigne 1990) 
Litter mass, litter size, 
mean offspring mass 
BMR 32 House mouse (Mus domesticus) L AL n.s. (Hayes, Garland, & Dohm 1992) 
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Table 4.1 cont.        
Life-history trait Metabolic 
component 
Ta (°C)  
MR 
Species Setting Food 
condition 
Relationship References 
Litter mass RMR 30 Laboratory mouse (Mus musculus) L AL n.s. (Speakman, Król, et al., 2004) 
Litter mass, litter size RMR 30 Laboratory mouse (Mus musculus) L AL n.s. (Duarte et al. 2010) 
Litter mass, litter size RMR 30 Laboratory mouse (Mus musculus) L AL n.s. (Johnson et al., 2001a) 
Litter mass, litter size BMR 30 Laboratory mouse (Mus musculus) L AL n.s. (Johnston et al. 2007) 
Offspring growth rate DEE 21 Laboratory mouse (Mus musculus) L AL -ve (Kagya-Agyemang, Król, & Speakman 
2012) 
Offspring growth rate BMR 31 - 32 Laboratory mouse (Mus musculus) L AL +ve (Sadowska et al., 2013) 
Litter mass, 
milk production 
DEE 25 Sundevall Jird (Meriones crassus) L AL & R +ve (Kam et al. 2003) 
Litter mass, litter size RMR 25 Yunnan red-backed vole (Eothenomys miletus) L AL +ve (Zhu & Wang 2014) 
Survival 
Longevity RMR 30 Laboratory mouse (Mus musculus) L AL +ve (Speakman, Talbot, et al., 2004) 
Over-winter survival BMR 30 Bank vole (Myodes glareolus) F n.a. sex and season 
dependent 
(Boratyński & Koteja 2009) 
Over winter survival BMR 29 Bank vole (Myodes glareolus) F n.a. sex and season 
dependent 
(Boratyński et al. 2010) 
Over winter survival RMR 30 Eastern chipmunk (Tamias striatus) F 1R -ve (Careau, Bergeron, et al., 2013) 
Over winter survival RMR 27 Red squirrel (Tamiasciurus hudsonicus) F n.a. -ve (Larivée et al. 2010) 
Over-winter survival RMR 30 Short-tailed field vole (Microtus agrestis) F n.a. +ve (Jackson, Trayhurn, & Speakman 2001) 
Senescence BMR 26.3 Great tit (Parus Major) F n.a. n.s. (Bouwhuis, Sheldon, & Verhulst 2011) 
Survival SMR 15 Brown trout (Salmo trutta) F n.a. -ve in 2 streams; 
n.s. in 2 streams 
(Álvarez & Nicieza 2005) 
Survival SMR  Radiated Shanny (Ulvaria subbifurcata) L AL & R n.s. AL; -ve R (Bochdansky et al. 2005) 
Survival SMR 20 Garden snail (Helix aspersa) S n.a. -ve (Artacho & Nespolo, 2009b) 
Positive (+ve), negative (-ve), and non-significant (n.s.) relationships are shown. This summary compiles studies completed under laboratory (L), field (F) and semi-natural (S) conditions, 
with ad libitum (AL) or restricted (R) access to food (n.a. in field studies). BMR: basal metabolic rate; RMR: resting metabolic rate; SMR: standard metabolic rate; DEE: daily energy 
expenditure. 1R measured during a year of low food abundance. See also White and Kearney (2013) and Biro and Stamps (2010) for a summary of associations between metabolism and 
behavioural traits.  
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Diversity Outbred laboratory mice have been bred to exhibit a wide range of 
genotypic and phenotypic diversity. We have previously shown that Diversity Outbred mice 
exhibit CIDs in their expression of DEE and resting metabolic rate measured (RMR) at 31 
and 15 °C, and in their metabolic response to Ta and food availability (Chapter 2). As such 
they are excellent model to test for the fitness consequences of individual differences in 
metabolic plasticity. Here, we used a reaction norm approach (Dingemanse et al. 2010; 
Dingemanse & Dochtermann 2013) to determine individual variation in the metabolic 
response to two of the most important environmental conditions: Ta and food availability. We 
quantified CIDs in the metabolic reaction norms of RMR in response to a decrease in Ta from 
31 to 15 °C, and RMR at 31 °C, RMR at 15 °C and DEE in response to starvation, in a large 
population of mice during three separate multi-day respirometry trials conducted over one-
year. Mice underwent one round of breeding and we used reproductive output (i.e. mean 
offspring growth rate and litter size) as an index of reproductive fitness. We hypothesised that 
CIDs in metabolic reaction norms would be correlated with these indices of fitness because 
the prevalence of such large variation within a population means the trait can be susceptible 
to selection and might be heritable (Falconer & Mackay 1996). We used a laboratory setting 
to control for confounding environmental factors such food and weather unpredictability and 
predation risk that might also influence reproductive fitness. Thus, any observed variation in 
fitness would be due to developmental or physiological effects, such as variation in maternal 
care/quality or differences in alleles and/or the expression of genomes.  
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4.3 METHODS 
4.3.1 STUDY DESIGN 
We used Diversity Outbred laboratory mice (The Jackson Laboratory, Bar Harbour, ME, 
USA) to determine if CIDs in metabolic reaction norms to Ta and food availability were 
correlated with litter size and offspring growth rate. We quantified CIDs in metabolic 
phenotypes and measured reproductive fitness between August 2015 and July 2016 (Figure 
4.1a). Mice were held individually in standard passively ventilated mouse cages (floor area: 
530 cm2; type 1248L, Techniplast, Italy) at 22 °C on a constant 12:12 h light:dark cycle 
(lights on: 07 h). Mice were kept at the Western Sydney University Animal Facility 
(Hawkesbury Campus, Richmond, NSW). We provided mice with ad libitum access to water 
and meat-free maintenance (14% protein) rodent pellets (Specialty Feeds, Australia). All 
experimental procedures were conducted in accordance with the Australian government’s 
NHMRC code for the care and use of animals for scientific purposes (National Health and 
Medical Research Council 2013) and were approved by the Animal Care and Ethics 
Committee at Western Sydney University (Approval A11139 and A11401). 
109 
 
 
Figure 4.1 (a) Sequence of the experiment and (b) the metabolic rate recorded for a single female 
mouse, weighing 27.8 g, during respirometry trial 2. Metabolic rate (solid line) was measured every 
four minutes for the duration of the trial. Access to food was prevented for two 24-hour periods and 
air temperature changed within each day between 31, 20 and 15 °C (dashed line). The lights were on 
a 12:12 hour light-dark cycle (night represented by black bars). 
4.3.2 METABOLIC REACTION NORMS 
Consistent individual differences in metabolic reaction norms were quantified during three 
separate 3 or 4-day long respirometry trials (see Appendix I for details on respirometry; 
Figure 4.1b). During each trial four different reaction norms were measured to determine the 
response of: 1) RMR to a decrease in Ta from 31 to 15 °C; 2) RMR at 31 °C (RMR31) to 
starvation; 3) RMR at 15 °C (RMR15) to starvation; and 4) DEE to starvation. Oxygen 
consumption and carbon dioxide production was measured every 4 minutes over entire days 
using a 16-animal, ‘live-in’ metabolic and behavioural phenotyping system (Promethion®, 
Sable Systems, Las Vegas, NV). A pull-mode of open flow respirometry (flow rate 2 L/min), 
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use of high-resolution analysers and application of the Z-correction technique (Bartholomew, 
Vleck, & Vleck 1981; Pendar & Socha 2015) allowed the mice to be measured in large, 
unsealed chambers that resembled their home cages (365 × 207 × 140mm; 10.58 L volume; 
type 1284L; Techniplast, Italy). In total we collected metabolic data for 77 mice that had 
successfully reproduced, with up to three trials per mouse (NID*Trial = 221).  
The response to Ta was measured by exposing the mice to a daily Ta regime within 
each trial that varied between 31 °C (12:00 – 19:59 h), 20 °C (20:00 – 03:59 h) and 15 °C 
(04:00 – 11:59 h). The response to food availability was measured by exposing the mice to 
two 24-h periods of starvation on days 1 and 3 of each trial. For each day, within each trial, 
RMR31 represented the lowest running average of 3 recorded values (i.e. over 12 minutes) 
with a coefficient of variation ≤ 10% during the period of the day when Ta was 31 °C (13:00 – 
15:59 h). Likewise, for each day, within each trial, RMR15 represented the lowest running 
average of 3 recorded values (i.e. over 12 minutes) with a coefficient of variation ≤ 10% 
during the period of the day when Ta was 15 °C (05:00 – 11:59 h). Daily energy expenditures 
were derived by calculating the average metabolic rate (W) over the day excluding a 2-hour 
period from 16:00 – 17:59 h during which time the incubator doors were open (i.e. 22 h) and 
converting to an average daily amount (kJ 24 h-1). 
4.3.3 REPRODUCTION AND OFFSPRING GROWTH RATE 
In total, 60 virgin female mice were paired with 30 male mice in a paternal half-sib design. 
Males were paired with a single female for seven days and then paired with a different female 
for an additional seven days. From these pairings, 48 females produced litters (with 29  
different fathers): 35 conceived during the first mating attempt, 10 had to be paired for a 
second time, and three for a third time. The mean age of females when they gave birth was 
221 ± 72 days (range 123 to 369 days). During pregnancy and lactation all mice had ad 
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libitum access to food (20% protein) and water. Females were weighed (correct to 0.01g) 
once per week to monitor their condition and track their pregnancy (Figure 4.2). Whole litters 
were weighed (correct to 0.01g) and counted on the same day each week, beginning a 
minimum of 1 day after birth to weaning at 27 to 31 days old. Therefore, offspring from 
different litters were not necessarily the same age when litter mass was recorded. At weaning, 
the sex of individual offspring was recorded to obtain the litter sex ratio.  
 
Figure 4.2 A female Diversity Outbred mouse nursing her litter consisting of two albino and three 
brown offspring. 
4.3.4 STATISTICAL ANALYSIS 
Data analyses were conducted in R v3.2.3 interfaced with RStudio v1.0.136 (R Core Team 
2015; RStudio Team 2016). Data are presented ± 1 SD. Of the 48 female mice that 
successfully produced litters, we had to exclude one from respirometry trial 2, and three from 
trial 3, due to the formation of abdominal tumours that might have adversely affected their 
metabolism. Furthermore, two male metabolic values were excluded from trials 2 and 3 as 
their body mass (mb) was greater the three SDs from the population mean. Variation in mb at 
five time points during the experiment (Respirometry trial 1, 2 and 3, day of mating and post-
breeding) was assessed using a linear model (LM). A Tukey’s HSD post-hoc test to detect 
significant differences (p < 0.05) among means as implemented using the R package 
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‘multcomp’ (Hothorn, Bretz, & Westfall 2008). Linear mixed effects (LME) models were 
fitted using the package ‘lme4’ (Bates et al. 2015) and P-values were derived using the 
package ‘lmerTest’ (Kuznetsova, Brockhoff, & Christensen 2016). 
ESTIMATION OF INDIVIDUAL METABOLIC REACTION NORMS 
Methods used to derive average individual reaction norms for metabolic rate and energy 
expenditure have been previously described (Chapter 2.3.3). Briefly, four separate LME 
models were fitted to describe variation in the metabolic reaction norms of: RMR in response 
to a decrease in Ta from 31 to 15 °C on days when food was available (RMR-Ta), and 
RMR31, RMR15 and, DEE in response to starvation (RMR31-Food, RMR15-Food, and 
DEE-Food, respectively). In addition to the dependant variable (RMR or DEE), the models 
included fixed effects of average mb during trial, age, trial number, day within trial, the 
respirometry chamber number, a mb × food or Ta interaction, and a sex × food or Ta 
interaction. The DEE-Food model also included a fixed effect of wheel use. Air temperature 
was right centred on 31 °C and coded to vary between -1 and 0, representing 15 °C and 31 °C, 
respectively. Food availability was left-centred on the ‘food available’ condition and coded to 
vary between 0 and 1, representing food available and not available, respectively.  
All four models also included a random intercept of mouse identity (𝑉𝑖𝑛𝑑𝐼) and 
trial*ID (𝑉𝑡𝑟𝑖𝑎𝑙∗𝐼𝐷𝐼), and a random slope for the environmental variable of interest (Ta or food 
availability) that allowed the slope to vary at the level of identity (𝑉𝑖𝑛𝑑𝑆) and trial*ID 
(𝑉𝑡𝑟𝑖𝑎𝑙∗𝐼𝐷𝑆). A backwards stepwise deletion method was used to remove non-significant fixed 
effects until only significant covariates remained (p < 0.05).  
The variance components estimated at the level of individual, representing the 
predicted individual differences from the population mean intercept (𝑉𝑖𝑛𝑑𝐼) and slope (𝑉𝑖𝑛𝑑𝑆), 
also referred to as the best linear unbiased predictors (BLUPs), were extracted from the most 
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parsimonious model for each reaction norm (Table S4.5). The intercepts of the RMR-Ta and 
RMR31-Food reaction norms both represented RMR measured at 31 °C on days when food 
was available, and therefore we chose not to include the intercept of the RMR-Ta model in 
subsequent modelling. Average repeatability was estimated for the reaction norm intercept 
(eqn. 4.1) and slope (eqn. 4.2). Average repeatability ignores within-individual variance (i.e. 
residual variance) and instead focuses on the mean reaction norm. All repeatability values are 
presented with 95% confidence intervals (CI) that were calculated using a semi-parametric 
bootstrap method with 1,000 simulations (‘lme4’ package in R).  
𝑅𝑖𝑛𝑡𝑒𝑟𝑐𝑒𝑝𝑡 =  
𝑉𝑖𝑛𝑑𝐼
𝑉𝑖𝑛𝑑𝐼+𝑉𝑡𝑟𝑖𝑎𝑙∗𝐼𝐷𝐼
  eqn. 4.1 
𝑅𝑠𝑙𝑜𝑝𝑒 =  
𝑉𝑖𝑛𝑑𝑆
𝑉𝑖𝑛𝑑𝑆+ 𝑉𝑡𝑟𝑖𝑎𝑙∗𝐼𝐷𝑆
  eqn. 4.2 
Individual BLUPs more than three SDs from the population mean were classified as outliers 
and removed from the dataset (n = 2). Repeatability of the BLUPs signifies that individuals 
exhibit CIDs in the reaction norm component.  
MODELLING THE EFFECT OF PARENTAL PHENOTYPES ON LITTER SIZE AND OFFSPRING GROWTH RATE 
Variation in litter size among parents with CIDs in their metabolic reaction norms to Ta and 
starvation was estimated using LMs. Consistent individual differences in the parental 
metabolic reaction norm components were highly correlated (Table S4.6), therefore their 
effect on litter size was estimated in seven separate LMs, one for each of the components (i.e. 
CIDs in RMR31, RMR15, and DEE; and CIDs in the slopes of RMR to Ta, and RMR31-, 
RMR15-, and DEE in response to starvation; Table S4.5). The CIDs in the parental reaction 
norms were partitioned into ‘mother’ and ‘father’ effects such that each model included a 
fixed effect of the mother’s reaction norm component and the equivalent reaction norm 
component from the fathers.  
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Growth rate was divided into three distinct phases: Phase 1 (1 to 16 days old) 
encompassed the early growth phase when offspring growth is entirely dependent on their 
mother’s milk; Phase 2 (17 to 31 days old) encompassed the secondary growth phase when 
growth is affected by their consumption of solid food in addition to mother’s milk; and the 
entire growth period (1 – 31 days old) encompassing all components of growth until mice are 
capable of self-maintenance (Hammond, Lloyd, & Diamond 1996; Sadowska, Gębczyński, & 
Konarzewski 2013). Due to collinearity between litter size and the mother’s age (F1,46 = 
23.66, p = < 0.001), only litter size was included as a covariate in the growth rate models.  
The effects of CIDs in the parent’s metabolic reaction norms on mean offspring 
growth rate (total litter mass (g) / litter size) during each of the three phases of growth was 
estimated using LME models. Again, because the reaction norm components were highly 
correlated (Table S4.5) the effect on growth rate was estimated separately for each of the 
seven components. A total of 21 LME models were fitted from the combination of growth 
phases and metabolic reaction norm components. The CIDs in the parental reaction norms 
were partitioned into ‘mother’ and ‘father’ effects such that each model included a fixed 
effect of the mother’s reaction norm component and the equivalent reaction norm component 
from the fathers. Sex ratio, litter size and the mother’s mb were included as important fixed 
effects. The rate of mean offspring growth was tested by including interactions of all fixed 
effects with day, and by including a 1st order polynomial term for day to allow for curved 
growth rates. Each model also included a random intercept for both mother identity and 
father identity. For the models estimating variation in litter size and growth rate, a backward 
stepwise deletion method was used to determine the most parsimonious model structure by 
removing the least significant fixed effects until only significant fixed effects remained (p < 
0.05).  
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 4.4 RESULTS 
4.4.1 BODY MASS 
Body mass of adult female mice increased between trial 1 and the day on which females were 
paired for breeding. Body mass was significantly higher when offspring were weaned (27-31 
days following parturition) compared to pre-breeding mb (Figure 4.3). The female mice 
maintained their post-reproductive mb for the remainder of the experiment. Males were 
significantly larger than females during all three respirometry trials. 
 
Figure 4.3 Body mass of adult mice at five main stages during the experiment. Boxes display the 
mean (diamond), median (middle line) and data within the 25th and 75th percentiles (box), whiskers 
extend to the largest and smallest values no further than 1.5 × inter-quartile range and data beyond 
the whiskers are outliers. Boxes with different letters were significantly different (p < 0.001) as 
determined by a Tukey’s HSD post-hoc test.   
4.4.2 INDIVIDUAL VARIATION IN METABOLIC REACTION NORMS 
The LME model fitted to estimate the response of RMR to a decrease in Ta from 31 to 15 °C 
(RMR-Ta reaction norm) predicted that this decrease in Ta led to an 90.2% increase in mean 
RMR among females and 98.3% increase among males (Figure 4.4a & Figure S4.1). The 
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significant fixed effects explained 80.5% of the variation in RMR (RMR (W) = 0.126 – 0.127 
Ta (16 °C) + 0.004 mb (g) – 0.021 sex (male) – 0.015 trial – (0.003 mb (g) × Ta (16 °C)) ± the 
effect of the respirometry chamber; Table S4.1). Average repeatability was low for the 
intercept (𝑅𝑖𝑛𝑡𝑒𝑟𝑐𝑒𝑝𝑡= 0.22, 0.03 – 0.41) and slope (𝑅𝑠𝑙𝑜𝑝𝑒= 0.19, 0.02 – 0.37) of the RMR-Ta 
reaction norm (Figure 4.4d). 
The LME model fitted to estimate the response of RMR31 to starvation (RMR31-
Food reaction norm) predicted that starvation led to a mean decrease in RMR31 of 12.5% in 
females and 14.1% in males (Figure 4.4b & Figure S4.2). The significant fixed effects 
explained 40% of the variation in RMR31 (RMR31 (W) = 0.093 – 0.031 food (no) + 0.005 
mb (g) – 0.015 sex (male) – 0.014 trial + 0.005 day – (0.001 mass (g) × sex (male)) ± the 
effect of the respirometry chamber; Table S4.2). Average repeatability was low for the 
intercept (𝑅𝑖𝑛𝑡𝑒𝑟𝑐𝑒𝑝𝑡= 0.17, 0.00 - 0.37) and moderate for the slope (𝑅𝑠𝑙𝑜𝑝𝑒= 0.35, 0.01 - 0.86) 
of the RMR31-Food reaction norm (Figure 4.4d).  
The LME model fitted to estimate the response of RMR15 to starvation (RMR15-
Food reaction norm) predicted that starvation led to a population mean decrease in RMR15 of 
28.0% (Figure 4.4b & Figure S4.3). The significant fixed effects explained 63% of the 
variation in RMR15 (RMR15 (W) = 0.235 – 0.218 food (no) + 0.007 mb (g) – 0.022 trial + 
0.019 day + (0.003 mb (g) × food (no)) ± the effect of the respirometry chamber; Table S4.3). 
Average repeatability was also high for the intercept (𝑅𝑖𝑛𝑡𝑒𝑟𝑐𝑒𝑝𝑡= 0.69, 0.20 - 0.91) and for 
the slope (𝑅𝑠𝑙𝑜𝑝𝑒= 0.52, 0.01 - 0.80) of the RMR15-Food reaction norm (Figure 4.4d). 
The LME model fitted to estimate the response of DEE to starvation (DEE-Food 
reaction norm) predicted that starvation led to a mean decrease in DEE by 8.2% among 
females and 8.8% among males (Figure 4.4c & Figure S4.4). The significant fixed effects 
explained 73% of the variation in DEE (DEE (kJ 24 h-1) = 11.68 + 0.593 food (no) + 1.165 
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mb (g) + 6.942 sex (male) – 1.510 trial + 0.480 day + 1.374 wheel (km) – (0.149 mb (g) × 
food (no)) – (0.333 mb (g) × sex (male)) ± the effect of the respirometry chamber; Table 
S4.4). Average repeatability was moderate for the intercept (𝑅𝑖𝑛𝑡𝑒𝑟𝑐𝑒𝑝𝑡= 0.20, 0.02 - 0.39) 
and high for the slope (𝑅𝑠𝑙𝑜𝑝𝑒= 0.57, 0.18 - 0.93) of the DEE-Food reaction norm (Figure 
4.4d). Furthermore, predicted individual differences in the intercept and slope of each of the 
four metabolic reaction norms highly correlated (Table S4.6). 
 
Figure 4.4 Predicted individual differences in metabolic reaction norms and associated repeatability. 
Predicted individual (grey or black lines; n = 76) and population mean (red lines) reaction norms of 
(a) resting metabolic rate (RMR) in response to a decrease in air temperature (Ta) from 31 to 15 °C, 
(b) RMR at either 15 (black lines) or 31 °C (grey lines) in response to starvation (c) and daily energy 
expenditure (DEE) in response to starvation. (d) Average repeatability was estimated for the 
intercept and slope of each reaction norm. 
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4.4.3 LITTER SIZE 
Litter size ranged from 1 to 11 (mean 6.1 ± 2.8 pups) and was negatively correlated with the 
mother’s age, whereby older mothers produced significantly smaller litters (F1,46 = 23.66, p = 
< 0.001; Figure 4.5). 
 
Figure 4.5 Predicted effects and partial residuals estimated from a linear model fitted to estimate 
how litter size was affected by the mothers age. 
 
4.4.4 OFFSPRING GROWTH RATE DURING PHASE 1 (1 TO 16 DAYS OLD) 
We fitted seven LME models to determine if CIDs in the parent’s metabolic reaction norm 
components (Table S4.5) affected offspring growth rate over days 1 to 16 of growth (i.e. 
Phase 1). Mean offspring growth rate was negatively affected by CIDs in the slope of their 
mother’s RMR in response to decrease in Ta from 31 to 15 °C (Table S4.7). Mean offspring 
growth rate was also negatively affected by litter size, positively affected by the mother’s mb, 
but not affected by sex ratio (Table S4.7). 
Over the first 16 days of growth (i.e. Phase 1), offspring from mothers with the 
strongest predicted response to Ta (i.e. bottom 10
th percentile; slope of RMR = 0.016 W 16 
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°C-1 below population mean) gained, on average 15.1% (1.23 g) more mb than offspring from 
mothers with the weakest predicted response to Ta (i.e. top 90
th percentile; slope of RMR = 
0.026 W 16 °C-1 above the population mean; Figure 4.6a; Table 4.2).  
Based on median model conditions, over the first 16 days of growth, offspring from 
small litters (n = 3) gained an average of 52.5% more mb than offspring from large litters (n = 
10; Figure 4.6b), and offspring from heavier mothers (42.38 g) gained 25.8% more mb than 
offspring from lighter mothers (29.53 g; Figure 4.6c). 
4.4.5 OFFSPRING GROWTH RATE DURING PHASE 2 (17 TO 31 DAYS OLD) 
We fitted seven LME models to determine if CIDs in the parent’s metabolic reaction norm 
components (Table S4.5) affected offspring growth rate over days 17 to 31 of growth (i.e. 
Phase 2). Mean offspring growth rate was not affected by any of the parent’s metabolic 
reaction norm components during this period. We fitted an additional linear model to 
determine if offspring growth rate during Phase 2 was affected by litter size, sex ratio or the 
mother’s mb. We found that mean offspring growth rate during Phase 2 was negatively 
affected by litter size (F1,102 = 3.68, p = 0.06), whereby offspring from larger litters gained 
less mass than those from smaller litters. Furthermore, mean offspring growth rate during 
Phase 2 was positively affected by sex ratio (F1,102 = 8.98, p = 0.003), whereby litters with a 
greater proportion of males gained more mass. 
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Figure 4.6 Predicted effects and partial residuals estimated from linear models fitted to estimate 
how mean offspring growth rate during the early growth phase was affected by consistent individual 
differences from the population mean in their mother’s (a) resting metabolic rate (RMR; W) in 
response to a decrease in air temperature from 31 to 15 °C measured when food was available. Also 
shown are the effects of (b) litter size and (c) mother’s body mass on offspring growth. Predicted 
effects are shown for median model conditions for the explanatory variables of mother’s body mass 
(33.94 g) and litter size (n = 7) and lines represent the 10th (blue), 50th (green) and 90th (pink) 
percentiles of data. 
121 
 
 
Table 4.2 Predicted variation in mean offspring growth rate from parents with metabolic reaction norms in the 10th and 90th percentiles of the population. 
Mean offspring mass increase was estimated during the early and late growth phases, and the overall mass was estimated at weaning.  
Parent reaction norm component 
and description of the metabolic response in 
either the 10th or 90th percentiles (%) of data 
 Mean offspring 
mass increase (g)  
Phase 1 (1-16 days) 
Mean offspring 
mass increase (g)  
Phase 2 (17-31 days) 
Mean offspring  
final mass (g)  
at weaning (day 31) 
 10th % 90th % 10th % 90th % 10th % 90th % 
RMR to a decrease in Ta (slope) 
10th % = stronger response to Ta;  
90th % = weaker response to Ta 
Mother 8.74 7.51 - - 22.81 21.12 
Father - - - - - - 
RMR31 (intercept) 
10th % = lower RMR in TNZ; 
90th % = higher RMR in TNZ 
Mother - - - - - - 
Father - - - - 22.76 21.41 
RMR31 to starvation (slope) 
10th % = stronger reduction in the TNZ;  
90th % = weaker reduction in the TNZ 
Mother - - - - - - 
Father - -   21.0 22.8 
RMR15 (intercept) 
10th % = lower RMR in the cold; 
90th % = higher RMR in the cold 
Mother   - - - - 
Father - - - -   
RMR15 to starvation (slope) 
10th % = stronger reduction in the cold (~torpor);  
90th % = weaker reduction in the cold 
Mother - - - - - - 
Father - -   21.1 23.5 
DEE (intercept) 
10th % = lower DEE; 
90th % = higher DEE 
Mother - - - -   
Father - - - -   
DEE to starvation (slope) 
10th % = stronger reduction (~ torpor);  
90th % = weaker reduction 
Mother - - - - 21.55 23.54 
Father - -     
The 10th and 90th percentiles were taken from the predicted individual differences from the population mean for each of the parent’s reaction norm 
components (Table S4.5).The intercept and slope for reaction norms were estimated for the response of resting metabolic rate (RMR) to a decrease in air 
temperature (Ta) from 31 to 15 °C, and of RMR at 31 °C, RMR at 15 °C and daily energy expenditure (DEE) to starvation.  
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4.4.6 OFFSPRING GROWTH RATE OVER THE ENTIRE GROWTH PERIOD (1 TO 31 DAYS OLD) 
We fitted seven LME models to determine if CIDs in the parent’s metabolic reaction norm 
components (Table S4.5) affected offspring growth rate over the entire growth period (i.e. 1 
to 31 days old). Mean offspring growth rate was negatively affected by CIDs in their father’s 
RMR31 (measured on days when food was available; Table S4.9), and CIDs in the slope of 
their mother’s RMR in response to Ta (Table S4.8). Furthermore, mean offspring growth rate 
was positively affected by CIDs in the slope of their father’s RMR31 and RMR15 in response 
to starvation (Tables S4.10 – S4.11), and CIDs in the slope of their mother’s DEE in response 
to starvation (Table S4.12), where a more negative slope corresponds with a stronger 
response to starvation.  
At 31 days old, offspring from mothers with the strongest predicted response to Ta 
(i.e. bottom 10th percentile; slope of RMR = 0.016 W 16 °C-1 below population mean) were, 
on average, 7.7% (1.68 g) heavier than offspring from mothers with the weakest predicted 
response to Ta (i.e. top 90
th percentile; slope of RMR = 0.026 W 16 °C-1 above the population 
mean; Figure 4.7a; Table 4.2). Moreover, offspring from mothers who exhibited the weakest 
predicted response of DEE to starvation (i.e. top 90th percentile; DEE = 1.56 kJ 24 h-1 above 
the population mean) were 8.8% (2.0 g) heavier than offspring from mothers with the 
strongest predicted response of DEE to starvation (i.e. lowest 10th percentile; DEE = 1.66 kJ 
24 h-1 below the population mean; Figure 4.7b; Table 4.2). 
At 31 days old, offspring from fathers with lowest predicted RMR31 when food was 
available (i.e. bottom 10th percentile; RMR31 = 0.008 W below the population mean) were 
6.1% (1.3 g) heavier, respectively, than offspring from fathers with the highest predicted 
RMR31 when food was available (i.e. top 90th percentile; RMR31 = 0.013 W above the 
population mean; Figure 4.8a; Table 4.2).  
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At 31 days old, offspring from fathers who exhibited the weakest RMR31 and 
RMR15 in response to starvation (i.e. top 90th percentile; RMR31 = 0.005 W and RMR15 = 
0.019 W above the population mean) were 8.3 and 13.6% (1.8 g and 3.1 g) heavier, 
respectively, than offspring from fathers who exhibited the strongest RMR31 and RMR15 in 
response to starvation (i.e. lowest 10th percentile; RMR31 = 0.009 Wand RMR15 = 0.013 W 
below the population mean; Figure 4.8b & c; Table 4.2). 
All models in which there was a significant effect of a parent’s metabolic reaction 
norm component on offspring growth rate (RMR-Ta slope, RMR31-Food intercept and slope, 
RMR15-Food slope, DEE-Food slope), also showed a significant positive effect of sex ratio 
on offspring growth rate. Based on median model conditions, at day 31, offspring from 
predominantly male litters (sex ratio = 1) were 26.1 – 29.6% heavier than those from all 
female litters (sex ratio = 0). Litter size had a significant effect on offspring growth rate in 
only three of the models that showed a significant effect of a parents metabolic reaction norm 
component on offspring growth rate (RMR-Ta slope, RMR31-Food intercept and slope). 
Based on median model conditions, at day 31, offspring from the smallest litters (n = 3) were 
11.6 - 12.3 - % heavier than those from the largest litters (n = 10). The mother’s mb did not 
siginificant affect offspring growth rate. 
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Figure 4.7 Predicted effects and partial residuals estimated from linear models fitted to estimate 
how mean offspring growth rate was affected by consistent individual differences (CIDs) in their 
mother’s metabolic phenotype. Offspring growth rate was affected by predicted CIDs from the 
population mean in (a) the slope of their mother’s resting metabolic rate (RMR; W) measured in 
response to a decrease in air temperature from 31 to 15 °C when food was available; and (b) the 
slope of their mother’s RMR at 31 °C to starvation. Predicted effects are shown for median model 
conditions for the explanatory variables of litter size (n = 7) and sex ratio (0.5), and lines represent 
the 10th (blue), 50th (green) and 90th (pink) percentiles of data. 
 
125 
 
 
Figure 4.8 Predicted effects and partial residuals estimated from linear models fitted to estimate 
how mean offspring growth rate was affected by consistent individual differences (CIDs) in their 
father’s metabolic phenotype. Offspring growth rate was affected by predicted CIDs from the 
population mean in their father’s (a) resting metabolic rate (RMR; W) at 31 °C when food was 
available; (b) the slope of their father’s RMR at 31 °C in response to starvation; and (c) the slope of 
their father’s RMR at 15 °C in response to starvation. Predicted effects are shown for median model 
conditions for the explanatory variables of litter size (n = 7) and sex ratio (0.5), and lines represent 
the 10th (blue), 50th (green) and 90th (pink) percentiles of data. TNZ: thermoneutral zone.
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4.5 DISCUSSION 
We found that Diversity Outbred laboratory mice exhibit CIDs in metabolic reaction norms to Ta 
and food availability and that metabolic responses were correlated such that individuals 
displayed consistent syndromes in metabolic phenotypes under varying Ta and food availability. 
Moreover, we found that many of these metabolic reaction norm components, from both the 
mother and father, were correlated with offspring growth rate at different stages during the first 
31 days of growth. To the best of our knowledge, our study is the first to determine that 
metabolic reaction norms to Ta and food availability are correlated with life-history traits in mice 
4.5.1 CORRELATIONS BETWEEN MATERNAL METABOLIC RESPONSE TO TEMPERATURE AND 
OFFSPRING GROWTH RATE 
The positive effect of mother’s metabolic response to Ta on growth rates during the early growth 
phase (i.e. days 1 to 16) could have several explanations – or might be explained by two 
mechanisms, that are not mutually exclusive. If energy output to offspring by mothers is limited 
by their capacity to dissipate heat, a stronger metabolic response to Ta might allow for greater 
rates of energy throughput (Speakman & Król, 2010b). Passive heat loss from the mother could 
also have a direct positive effect on Tb and negative effect on RMR in the offspring. 
Theoretically this would reduce the offspring’s overall maintenance costs and increase the 
amount of energy available for growth. 
Lactation is largely agreed to be one of the most energy demanding periods of the entire 
mammalian life cycle (Gittleman & Thompson 1988; Hammond et al. 1994; Millar 1977, 1978; 
Rogowitz 1996, 1998; Speakman 2008; Speakman & Król 2010b). During lactation, mammals 
increase their food intake to support milk production (Hammond & Diamond 1994; Kounig, 
Riester, & Markl 1988; Speakman & McQueenie 1996), that in turn increases energy 
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expenditure (Johnson et al., 2001a). Energy expenditure reaches a critical maximum point 
(Johnson et al., 2001a) at which animals will often resort to infanticide rather than further 
increasing energy intake. The heat dissipation limitation hypothesis proposes that rather than 
being limited by the amount of energy available for production, animals are instead constrained 
by their capacity to dissipate heat, that is generated as a by-product of metabolism (Speakman & 
Król, 2010b). Therefore, individuals with a high metabolic response to Ta might be able to 
sustain higher rates of energy throughput allowing them to direct more energy into milk 
production than those with a low metabolic response to Ta. Indeed studies in laboratory animals 
including mice (Mus musculus; Król, Murphy, & Speakman 2007) and common voles (Microtus 
arvalis; Simons et al., 2011) that have experimentally increased the mother’s capacity for heat 
dissipation by shaving back fur have found increased milk production and heavier offspring at 
weaning compared with non-shaved controls. Our results agree with the general principal of the 
heat dissipation limitation hypothesis in laboratory animals because females with the highest 
predicted metabolic response to Ta (measured as CIDs in the increase of RMR in response to a 
decrease in Ta from 31 to 15 °C) were able to produce the fastest growing offspring at room 
temperature (i.e. 22 °C). Furthermore, we found that mothers with the highest metabolic 
response to Ta also exhibited the highest DEE (r = 0.28, p < 0.01), supporting the idea that 
individuals with greater capacity for altering their metabolic heat production can sustain higher 
levels of energy expenditure. 
At cold Ta’s the steeper gradient between Tb and Ta increases the capacity for heat 
dissipation (Rezende & Bacigalupe 2015; Scholander et al. 1950). Assuming the predictions of 
the heat dissipation hypothesis are true in laboratory animals, females rearing offspring at cold 
Ta’s might be able to increase energy intake and produce more milk than those rearing offspring 
at warm Ta’s. For example, Female Brandt’s voles rearing offspring at 21 °C maintained higher 
DEE and produced heavier litters than females rearing similar sized litters at 30 °C (Wu et al. 
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2009). Similarly, at 8 °C female mice had higher food intake, greater milk production and 
heavier offspring than at 21 °C (Johnson & Speakman 2001). It is important to consider the 
capacity for heat dissipation as heat stress can not only have a negative influence on milk 
production and offspring mass (Król, Johnson, & Speakman, 2003; Król & Speakman, 2003b, 
2003a), but more extremely it can reduce conception rate and increase adverse effects during 
embryonic development. Heat stress also has been shown to adversely affect reproductive traits 
in male rabbits, who exhibit reductions in ejaculate volume, sperm motility and sperm 
concentration, among other factors essential to reproductive success (Marai, Habeeb, & Gad 
2002). 
While the mother’s capacity for altering their metabolic heat production might have an 
indirect effect on offspring growth rate through milk production constraints, heat loss from the 
mother might have a more direct positive influence on offspring growth rate. In this scenario 
additional external heat from the mother would increase the offspring’s Tb and decrease the 
RMR, thereby reducing the offspring’s self-maintenance costs and increasing the amount of 
energy remaining for growth. Mouse neonates as young as two days old can exhibit small 
increases in oxygen consumption in response to a decrease in Ta (Goodrich 1977). However 
effective thermoregulatory mechanisms are not fully developed until late in the second postnatal 
week, with some laboratory mice exhibiting nearly complete poikilothermia up to seven days 
after birth (Lagerspetz 1966). Mouse neonates do not develop the ability to shiver until about 10 
days old (Gordon 2009), and shivering does not reach adult levels until 15 to 17 days old 
(Lagerspetz 1966). Cold exposure during the early growth phase can have significant adverse 
effects on development, for example, rat neonates exposed to cold Ta’s (10 °C) and warm Ta’s 
(31 °C) exhibited the same RMR at 15 to 16 days old, however the cold acclimated rats showed 
marked reductions in fur density and length, as well as delayed onset of independent feeding, 
reduced food intake and slower growth (Gerrish, Onischak, & Alberts 1998). Thermoregulation 
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is obviously important in the early developmental stages, and as such increased heat transfer 
from the mother might confer a substantial fitness advantage. 
4.5.2 OTHER FACTORS INFLUENCING OFFSPRING GROWTH RATE 
During the first 14 to 16 days of postnatal growth, mouse neonates are entirely dependent on 
their mother’s milk for energy and nutrition (Hammond et al., 1996). Hence, offspring energy 
intake and the amount of energy that can be invested into growth is dependent on the quality and 
quantity of their mother’s milk. In addition to the correlation between CIDs in mother’s 
metabolic response to Ta and growth rate during this first phase of growth we also found that 
offspring growth rate was negatively correlated with litter size and positively correlated with the 
mother’s mb. The positive correlation between offspring growth rate and the mother’s mb could 
be because larger females provide a greater amount of insulation to their offspring, thus 
increasing offspring Tb. Alternatively, larger females are likely to have a greater amount of fat 
stores that can be mobilised throughout lactation to support milk production (Zhao 2011). Larger 
litters are generally accompanied by a reduction in mean offspring mass (Hammond & Diamond, 
1992; Johnson, Thomson, & Speakman, 2001b; Rogowitz, 1996, 1998), indicating that there is a 
limit to the amount of energy a female can supply to her offspring.  
From approximately 15 to 16 days old, mouse neonates begin to nibble on food, 
supplementing their diet that previously consisted solely of their mother’s milk (Hammond et al., 
1996). During the following days until weaning, the offspring become more independent and 
their growth is less dependent on their mother’s milk production. In line with this, we observed a 
substantial change in the covariates that were correlated with offspring growth rate during days 
17 to 31 of postnatal growth. During the secondary growth phase, mean offspring growth rate 
was not correlated with any of the parent’s metabolic reaction norm components but was instead 
significantly correlated with litter size and the number of males in the litter. During this 
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secondary phase of growth, the effect of sex ratio in the litter became more apparent as males 
were able to outcompete smaller females for their mother’s milk, although this effect would be 
reduced as the diet was no longer comprised entirely of milk. Alternatively, males might have 
been able assimilate more energy from the food due to a larger digestive system, and indeed 
male mice have a greater expected mass at weaning (Selman et al. 2001). Larger male mice often 
have greater reproductive success than smaller males owing to their size (Isaac 2005; Trivers 
1972), as such size confers a fitness advantage and it is more important for male mice to increase 
their mb prior to reaching reproductive maturity between six to eight weeks old (Phifer-Rixey & 
Nachman 2015). 
Over the entire measured growth period (i.e. from day 1 to 31) we saw a shift in the 
factors that were correlated with offspring growth rate. Looking at the factors that were 
correlated with growth over this whole period allowed us to detect weaker effects that could 
have been masked when the two phases of growth were analysed separately. We found that 
mean offspring growth rate over the entire growth period was correlated with the CIDs in the 
slopes of their father’s RMR31 and RMR15 in response to starvation, whereby fathers with the 
smallest reduction in metabolic rate in response to starvation sired litters that were heavier at 
weaning. Additionally, we found that CIDs in the father’s RMR31 measured on days when food 
was available (i.e. the reaction norm intercept) were correlated with offspring growth rate, 
whereby fathers with the lowest metabolism sired the fastest growing offspring. This is not 
surprising because the intercept and slope of each reaction norm to food were highly correlated, 
such that a low RMR31 was correlated with a weaker reduction in RMR31 in response to 
starvation (r = -0.88, p < 0.001) and similarly for the RMR15-Food reaction norm (r = -0.23, p < 
0.001). We also found that offspring growth rate was correlated with CIDs in the slope of the 
mother’s DEE in response to starvation (i.e. faster growing litters belonging to mothers with 
smaller reductions in DEE’s in response to starvation). The strong correlation between the CIDs 
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in the slope of the father’s metabolic response to starvation at 15 and 31 °C and offspring growth 
rate suggests that growth rate was correlated could be due to the expression of inherited reaction 
norms. The heritability of metabolic reaction norms to food availability is yet to be determined. 
However, we found that the slopes of average reaction norms to food availability were highly 
repeatable, with 𝑅𝑠𝑙𝑜𝑝𝑒 ranging between 0.35 to 0.57. As repeatability sets the upper limit for 
heritability (Falconer & Mackay 1996), it is possible that the metabolic reaction norms to food 
are heritable traits. The correlation between the father’s metabolic reaction norm components 
and offspring growth rate could also come about via the mother’s responses if she changes the 
way she behaves as a mother based on some assessment of the father during mating (Royle, 
Smiseth, & Kölliker 2012). 
If metabolic reaction norms to food availability are inherited, the growth rate advantage 
for offspring from parents with low overall metabolism and weak responses to starvation could 
be due to a compensatory effect whereby offspring with lower self-maintenance costs are able to 
invest more energy into growth once they start foraging for themselves in the secondary growth 
phase. Although several studies have found a positive correlation between RMR and growth rate 
(Table 4.1), it is still debatable whether: metabolism drives growth rate; growth rate drives 
metabolism; growth rate and metabolism affect one another by reciprocal feedback; or if 
metabolism and growth rate are both affected similarly by a third unknown factor (Glazier 
2015).  
The growth rate advantage for offspring from parents with low overall metabolism and 
weak responses to starvation could also be due to genetic effects whereby parents with lower 
metabolism and energy expenditure and a correspondingly slower life-history increase fitness 
not through social dominance and aggression, but by providing a genetic advantage to their 
offspring in the form of faster growth. Another possibility is that epigenetic markers program the 
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offspring to thrive in the same environmental conditions as their respective parents, resulting in a 
thrifty phenotype that can allocate more of their DEE to growth (Murashov et al. 2015). 
4.5.3 CONCLUSIONS 
In summary, offspring growth rate was correlated with the mother’s metabolic response to Ta 1 
to 16 days after birth, and also from birth to weaning (i.e. from 1 to 31 days old), and possibly 
influenced by genetic and/or epigenetic factors through CIDs in the father’s metabolic reaction 
norms to starvation. An important discovery of this study is that individuals exhibit CIDs in their 
metabolic phenotype that can not only affect their response to environmental conditions (e.g. 
food availability and Ta) but that are also correlated with an index of reproductive fitness. These 
results together suggest that reproductive fitness is multifaceted and represents a complex web of 
interactions between metabolism, thermoregulation, physiological conditions as well as genetic 
and epigenetic factors. Future work should include a focus on thermoregulatory effects on 
metabolism and growth rate, as well as heritability of metabolic reaction norm components and 
how they influence fitness measured as lifetime reproductive success. Indeed, genetic and 
epigenetic analyses of the co-variation between metabolic reactions on fitness could prove to be 
an exciting new area of research. 
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Chapter 5  
EXAMINING THE PROXIMATE CAUSES OF INDIVIDUAL VARIATION IN METABOLIC 
RESPONSES TO ENVIRONMENTAL CONDITIONS 
5.1 ABSTRACT 
Metabolic reaction norms to environmental conditions provide an exciting new area of research 
to expand our current understanding of the fitness consequences of individual variation in energy 
expenditure because they provide indices of metabolism measured under ecologically relevant 
conditions. However, it is important to understand the proximate mechanisms that contribute to 
individual variation in different components of metabolism including metabolic responses to 
environmental conditions. Whole-animal metabolic rate is essentially the sum of metabolic rate 
measured across all tissues. Hence individual variation in organ mass is one physiological factor 
that could be correlated with individual variation in metabolic responses to environmental 
conditions. Thus, we aimed to determine if individual variation in organ mass is a potential 
proximate mechanism underlying individual variation in metabolic responses to environmental 
conditions. 
We used a reaction norm approach to describe among-individual differences in metabolic 
responses to two of the most important environmental gradients – air temperature (Ta) and food 
availability in 97 Diversity Outbred laboratory mice. Over a one-year period, we used open-flow 
respirometry to repeatedly measure resting metabolic rate (RMR) in response to a decrease in Ta 
from 31 to 15 °C, and RMR at 31 °C (RMR31), RMR at 15 °C (RMR15) and daily energy 
expenditure (DEE) in response to starvation. Following the third respirometry trial, we selected 
46 mice for additional morphological measurements and excised the liver, heart, lungs, small 
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intestines and kidneys. We then determined whether among-individual variation in the intercept 
and slope of average metabolic reaction norms were correlated with the body mass-corrected 
residual dry masses of these organs.  
We have previously described the reaction norms to Ta and starvation (Chapter 2) and 
found that individuals exhibit large differences in RMR31, RMR15 and DEE on days when food 
was available. Individuals exhibited even larger differences in their metabolic response to Ta and 
in the responses of RMR31, RMR15 and DEE to starvation. Individual differences in the slope 
of RMR in response to Ta were positively correlated with the residual log10 dry mass of the 
kidneys. Individual differences in RMR31 were positively correlated with residual log10 dry 
mass of the lungs and negatively correlated with the residual square root-transformed dry mass 
of the small intestines. Individual differences in RMR15 were negatively correlated with the 
residual log10 dry mass of the kidneys. Individual differences in DEE were positively correlated 
with the residual log10 dry mass of the heart.  
By comparing residual organ dry mass with different components of metabolic reaction 
norms to Ta and food availability it was determined that different organs are correlated with 
different components of metabolism. As such individual variation in the mass of these organs 
offers a possible proximate mechanism to help explain individual variation in metabolic 
responses to environmental conditions. 
5.2 INTRODUCTION 
An important area of research in physiology and evolutionary biology is understanding the 
fitness consequences of among-individual variation in energy expenditure. Individual variation 
in resting metabolic rate (RMR) measured within the thermoneutral zone (RMRt) is commonly 
assumed to reflect variation in energy expenditure and is consequently assumed to influence 
fitness (Biro & Stamps 2008, 2010; Dingemanse et al. 2010; Réale et al. 2010). However, RMRt 
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excludes important ways in which metabolic rate can respond to physiological state and 
environmental conditions.  
We have recently shown that while among-individual variation in RMRt can reflect some 
of the variation in energy expenditure, variation in other components of metabolism, such as the 
response of RMR to starvation at 15 °C, capture a larger proportion of this variation (Chapter 2). 
Furthermore, we have shown that among-individual variation in different components of 
metabolism are correlated with an index of reproductive fitness (Chapter 4). For example, in 
female mice, among-individual variation in the metabolic response to Ta is positively correlated 
with offspring growth rate up to 31 days after birth. While, in male mice, among-individual 
variation in the response of RMR to starvation at 31 and 15 °C is correlated with offspring 
growth rate up to 31 days after birth. Metabolic reaction norms to environmental conditions 
provide an exciting new area of research to expand our current understanding of the fitness 
consequences of among-individual variation in energy expenditure because they provide indices 
of metabolism measured under ecologically relevant conditions. However, it is important to 
understand the proximate mechanisms that contribute to among-individual variation in different 
components of metabolism including metabolic responses to environmental conditions. 
While the sources of variation in RMRt among-species are widely attributed to variation 
in body mass (mb), environmental temperature, shared phylogenetic history and environmental 
conditions (Careau et al. 2008; Clarke & Johnston 1999; Clarke, Rothery, & Isaac 2010; Glazier 
2005; Lovegrove 2000; Speakman 1999), the sources of variation in RMRt among-individuals 
are still not well understood. Indeed, even after accounting for factors such as mb, sex and age, 
large among-individual differences in RMRt remain unexplained (Burton et al. 2011; 
Konarzewski & Książek 2012). The sources of variation in metabolic reaction norms have 
scarcely been examined, however, understanding the expected sources of variation in RMRt 
might provide a foundation to begin this research. It has been shown that certain extrinsic factors 
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during early growth can be correlated with variation in RMRt, including: developmental 
temperature (Le Lann et al. 2011; Steyermark & Spotila 2000), brood density (Burness et al. 
2000; Verhulst, Holveck, & Riebel 2006) and food quality and quantity (Brzęk & Konarzewski 
2001; Criscuolo et al. 2008; Desai & Hales 1997; Moe et al. 2004; Moe, Stølevik, & Bech 2005; 
O’Connor, Taylor, & Metcalfe 2000; Roark & Bjorndal 2009; Rønning et al. 2009). Factors such 
as variation in genetic and permanent environmental effects, behaviour and physiology have also 
been shown to contribute to RMRt (Burton et al. 2011; Careau et al. 2008; Konarzewski & 
Książek 2012).  
Of the intrinsic factors associated with variation in RMRt, organ morphology is one of 
particular interest. Fundamentally, whole-animal metabolic rate is the sum of the metabolic rate 
measured across all tissues (Schmidt-Nielsen 1984). Therefore, variation in organ size at a given 
mb might account for some of the residual variation in RMRt among-individuals. This idea is 
consistent with the increased intake hypothesis that predicts a positive correlation between 
RMRt and energy expenditure, that is, an animal’s capacity to assimilate and process energy 
required for processes such as growth and reproduction (Burton et al. 2011; Careau et al. 2008; 
Drent & Daan 1980; Nilsson 2002). Under this premise, RMRt is assumed to reflect the size or 
capacity of an animal’s ‘metabolic machinery’. As such a positive correlation is expected 
between RMRt and the most active and energetically demanding metabolic systems, such as the 
brain, heart, liver, muscles and alimentary tract. Hence, individual variation in organ mass is 
hypothesised to be important because it relates to the proposed mechanisms linking metabolic 
rate with production and fitness. 
Studies that have examined the correlations between RMRt and organ mass have 
produced conflicting results. For instance, the mass of the brain, lungs, stomach and large 
intestine are rarely found to be correlated with RMRt (Table 5.1). This might be because 
although metabolic rate is the sum of metabolic activity across all tissues, the mass of the organs 
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might not reflect their true metabolic capacity. In Brandt's voles and (Lasiopodomys brandtii) 
and Mongolian gerbils (Meriones unguiculatus), for example, RMRt was poorly correlated with 
organ mass, but strongly correlated with variation in metabolic biochemical markers of tissues, 
such as mitochondria density and cytochrome c oxidase activity (Li, Yan, & Wang 2010). There 
is also evidence to suggest that mitochondrial proton leak significantly contributes to RMRt 
(Rolfe & Brand 1997). Indeed, in MF1 mice, variation in RMRt in was positively correlated with 
proton conductance through uncoupling protein-3 (Speakman, Talbot, et al., 2004). In 
contradiction, mice with low heat loss have also been found to express higher levels of 
uncoupling proteins-1 and -2 (McDaneld, Nielsen, & Miner 2002).  
Organ mass can respond to variation in individual physiological state and environmental 
conditions and in some cases, this variation is reflected in RMRt. For example, a 5,400 km 
migration undertaken by Great knots (Calidris tenuirostris) resulted in a significant reduction of 
fat stores, and decrease in size of the pectoral muscles, skin, intestine, liver and kidneys. The 
reduction in size of these organs was also reflected in mb-corrected RMR which decreased by up 
to 40%. In other cases, organ mass and RMR respond independently to changes in 
environmental conditions. For instance, RMR and the alimentary tract have both been shown to 
exhibit remarkable flexibility in their response to changing energy demands (Hammond & 
Diamond 1992; Hammond & Wunder 1991; Naya, Bozinovic, & Karasov 2008), however the 
two traits are rarely correlated (reviewed in Table 5.1). 
Here, we aimed to determine if among-individual variation in organ mass is a potential 
proximate mechanism underlying among-individual variation in metabolic responses to 
environmental conditions. We achieved this by quantifying correlations between individual 
variation in the mass of several metabolically active organs and individual variation in different 
components of metabolism, measured as metabolic reaction norms to Ta and food availability. 
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We hypothesised that the masses of different organs will be correlated with different 
components of metabolism relative to their specific function. 
Table 5.1 Review of correlations between metabolic traits and organ morphology (dry mass) in animals, 
after statistically accounting for the effects of body mass. 
Species Trait n =  Morphological correlate Reference 
Amphibians     
Leopard frog  
(Rana pipiens) 
SMR 26 Kidney +ve; Gastrocnemius, heart, liver, SI 
n.s. 
(Steyermark et al. 2005) 
Fish     
Brown trout 
(Salmo trutta) 
SMR 66 Heart, liver, SI, spleen, stomach n.s. (Norin & Malte 2012) 
European eels 
(Anguilla anguilla) 
SMR 19 Liver +ve;  
Heart, SI, spleen n.s. 
(Boldsen, Norin, & Malte 
2013) 
Birds     
Interspecific  
(ranging 10.8 – 1,253 g) 
BMR 22  
species 
Heart, kidney +ve;  
Liver, lung, digestive organs, brain, pelage 
n.s. 
(Daan, Masman, & 
Groenewold 1990) 
Interspecific: 
tropical and temperate 
BMR 457 
species 
Flight muscles, gonads, heart, kidney, liver, 
lung, pancreas +ve; 
Brain, gizzard, SI n.s. 
(Wiersma, Nowak, & 
Williams 2012) 
Chinese bulbul 
(Pycnonotus sinensis) 
RMRt 44 Heart, muscle +ve; Brain, gizzard, kidney, 
liver, lung, rectum, SI n.s. 
(Zheng, Liu, & Swanson 
2014) 
Eurasian tree sparrow 
(Passer montanus) 
BMR  Digestive tract, gizzard, heart, liver, LI, SI 
+ve; Brain, kidney n.s.  
(Zheng et al. 2008) 
Hoopoe lark  
(Alaemon alaudipes) 
BMR 12 Kidney, liver, stomach, SI +ve; Lung -ve; 
Brain, heart, pectoral muscle n.s. 
(Williams & Tieleman, 
2000) 
House sparrow 
(Passer domesticus) 
BMR; 
𝑉𝑂2𝑚𝑎𝑥  
65; 
62 
Pectoral muscle, heart +ve BMR & 𝑉𝑂2𝑚𝑎𝑥; 
Digestive organs, kidney, leg muscle, liver, 
lung +ve BMR & n.s. 𝑉𝑂2𝑚𝑎𝑥  
(Chappell, Bech, & 
Buttemer 1999) 
Great knot  
(Calidris tenuirostris) 
BMR 13 Flight muscle, SI +ve; 
Heart, kidney, leg muscles, liver, lung, 
pectoral muscle, stomach n.s. 
(Battley et al. 2001) 
Red junglefowl 
(Gallus gallus) 
BMR 
 
 
𝑉𝑂2𝑚𝑎𝑥  
 Cecum, heart, LI, liver, lung, pectoral 
muscle, reproductive organs, SI spleen n.s.; 
SI +ve (males); Spleen -ve (females). 
Cecum, heart, LI, liver, lung, pectoral 
muscle, reproductive organs, SI spleen n.s.; 
Heart, pectoral muscles +ve (males); Cecum -
ve (males); LI +ve (females). 
(Hammond et al. 2000) 
Tree swallow  
(Tachycineta bicolor) 
VO2 47 Kidney +ve; SI -ve; Heart, liver, pectoral 
muscle n.s. 
(Burness, Ydenberg, & 
Hochachka 1998) 
Mammals     
Interspecific 
(ranging 7.2 g – 34.5 kg) 
BMR 50  
species 
Muscle mass +ve (Raichlen et al. 2010) 
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Table 5.1 Continued     
Species Trait n =  Morphological correlate Reference 
Brandt's vole 
( Lasiopodomys brandtii)  
& Mongolian gerbil  
( Meriones unguiculatus) 
BMR 32 Liver +ve; Carcass -ve; 
BAT, brain, kidney, heart, stomach, SI, 
caecum, LI, skeletal muscle n.s. 
(Li, Yan, & Wang 2010) 
Brandt's vole 
( Lasiopodomys brandtii) 
BMR 50 Caecum, heart, kidney, liver +ve; 
BAT, brain, LI, lung, SI, spleen, stomach n.s. 
(Song & Wang 2006) 
Deer mouse  
(Peromyscus maniculatus) 
𝐴𝑚𝑎𝑥; 
BMR 
51 Caecum, SI +ve Amax & BMR; 
Kidney, LI, liver, stomach +ve Amax, n.s. 
BMR 
(Koteja 1996) 
Deer mouse 
( Peromyscus maniculatus) 
𝑉𝑂2𝑚𝑎𝑥  39 Heart, lung +ve; Body fat -ve; 
Digestive organs, kidney, liver, spleen n.s. 
(Rezende, Hammond, & 
Chappell 2009) 
Mammals     
Deer mouse 
( Peromyscus maniculatus) 
BMR 85 Combined visceral organs, heart +ve; 
Skeletal muscle -ve 
(Russell & Chappell, 2007) 
Field vole 
(Microtus agrestis) 
BMR; 
DEE 
32; 
21 
Heart: BMR +ve, DEE n.s. 
Brain, digestive organs, gonads, kidney, leg 
muscles, liver, lung, skin, spleen n.s. 
(Meerlo et al. 1997) 
Laboratory mouse 
(Mus musculus) 
BMR 81 Heart, kidney, liver, SI +ve (Brzęk et al., 2007) 
Laboratory mouse 
(Mus musculus) 
BMR 68 Heart, kidney, liver, SI +ve (Książek, Konarzewski, & 
Łapo 2004) 
Laboratory mouse 
(Mus musculus) 
BMR 6 strains; 
72 mice 
Heart, kidney, liver, SI +ve (Konarzewski & Diamond 
1995) 
Laboratory mouse  
(Mus musculus) 
RMRt 39 Liver, spleen +ve; Heart, pelage -ve; 
BAT, brain, carcass, gonads, kidney, LI, 
lung, pancreas, SI, stomach, thyroid n.s. 
(Selman et al. 2001) 
Laboratory mouse 
(Mus musculus) 
RMRt 44 Carcass, liver, mammary glands, spleen n.s. (Speakman, Król, et al., 
2004) 
Laboratory mouse 
(Mus musculus) 
RMRt 25 Digestive organs, heart, kidney, lung, uterus 
+ve; Pelage -ve; 
Pancreas, spleen, thymus, visceral fat n.s. 
(Speakman & McQueenie 
1996) 
Laboratory and  
wild mouse crosses 
(Mus musculus) 
𝑉𝑂2𝑚𝑎𝑥  52 Heart +ve; 
Gastrocnemius, liver n.s. 
(Dohm, Richardson, & 
Garland 1994) 
Mongolian gerbil  
(Meriones unguiculatus) 
BMR; 
RMRt; 
𝑉𝑂2𝑚𝑎𝑥  
40 Caecum +ve (RMR); -ve (𝑉𝑂2𝑚𝑎𝑥); 
Testes -ve (BMR); Brain, caecum, 
gastrocnemius, heart, kidney, LI, liver, lung, 
skeletal muscle, reproductive tissues, SI, 
spleen, stomach, testes n.s. 
(Chappell et al. 2007) 
Positive (+ve), negative (-ve) symbols represent significant correlations (p < 0.05); n.s. represents no significant correlation. 
BMR, basal metabolic rate; RMRt, resting metabolic rate at thermoneutrality; DEE, daily energy expenditure; SMR, standard 
metabolic rate, 𝑉𝑂2 , oxygen consumption; 𝑉𝑂2𝑚𝑎𝑥 , maximal oxygen consumption; 𝐴𝑚𝑎𝑥, maximum energy assimilation. SI 
and LI represent the small and large intestines, respectively. Note, the organs measured varied between studies. 
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5.3 METHODS 
5.3.1 ANIMAL MODEL AND STUDY DESIGN 
We used Diversity Outbred laboratory mice (The Jackson Laboratory, Bar Harbour, ME, 
USA) to determine if among-individual variation in metabolic responses to Ta and food 
availability were correlated with the mass of several metabolically active visceral organs. We 
conducted three separate respirometry trials between August 2015 and July 2016 (n = 97; 
Figure 5.1a). Subsequently, we took morphological measurements from a subsample of mice 
(n = 46).  
Mice were held individually in standard passively ventilated mouse cages (floor area: 
530 cm2; type 1248L, Techniplast, Italy) at 22 °C on a constant 12:12 h light:dark cycle 
(lights on: 07 h). Mice were kept at the Western Sydney University Animal Facility 
(Hawkesbury Campus, Richmond, NSW, Australia). We provided mice with ad libitum 
access to water and meat-free maintenance (14% protein) rodent pellets (Specialty Feeds, 
Australia). All experimental procedures were conducted in accordance with the Australian 
government’s NHMRC code for the care and use of animals for scientific purposes (National 
Health and Medical Research Council 2013) and were approved by the Animal Care and 
Ethics Committee at Western Sydney University (Approval A11139 and A11401). 
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Figure 5.1 (a) Sequence of the experiment and (b) the metabolic rate recorded for a single female 
mouse, weighing 27.8 g, during respirometry trial 2. Metabolic rate (solid line) was measured every 
four minutes for the duration of the trial. Access to food was prevented for two 24-hour periods and 
air temperature changed within each day between 31, 20 and 15 °C (dashed line). The lights were on 
a 12:12 hour light-dark cycle (night represented by black bars). 
5.3.2 METABOLIC REACTION NORMS 
Consistent individual differences in metabolic reaction norms were quantified during three 
separate 3 or 4-day long respirometry trials (see Appendix I for details on respirometry; 
Figure 5.1b). During each trial, four different reaction norms were measured to determine the 
response of: 1) RMR to a decrease in Ta from 31 to 15 °C; 2) RMR at 31 °C (RMR31) to 
starvation; 3) RMR at 15 °C (RMR15) to starvation; and 4) DEE to starvation. Mice (NID = 
97) underwent up to three respirometry trials over approximately one year (NID*Trial = 271). 
All mice selected for organ morphometrics (NID = 46) experienced all three respirometry 
trials (NID*Trial = 126). Oxygen consumption and carbon dioxide production were measured 
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every 4 minutes over entire days using a 16-animal, ‘live-in’ metabolic and behavioural 
phenotyping system (Promethion®, Sable Systems, Las Vegas, NV). A pull-mode of open-
flow respirometry (flow rate 2 L/min) and use of high-resolution analysers and application of 
the Z-correction technique (Bartholomew, Vleck, & Vleck 1981; Pendar & Socha 2015) 
allowed the mice to be measured in large, unsealed chambers that resembled their home 
cages (365 × 207 × 140mm; 10.58 L volume; type 1284L; Techniplast, Italy).   
The response to Ta was measured by exposing the mice to a daily Ta regime within 
each trial that varied between 31 °C (12:00 – 19:59 h), 20 °C (20:00 – 03:59 h) and 15 °C 
(04:00 – 11:59 h). The response to food availability was measured by exposing the mice to 
two 24-h periods of starvation on days 1 and 3 of each trial. For each day, within each trial, 
RMR31 represented the lowest running average of 3 recorded values (i.e. over 12 minutes) 
with a coefficient of variation ≤ 10% during the period of the day when Ta was 31 °C (13:00 – 
15:59 h). Likewise, for each day within each trial, RMR15 represented the lowest running 
average of 3 recorded values (i.e. over 12 minutes) with a coefficient of variation ≤ 10% 
during the period of the day when Ta was 15 °C (05:00 – 11:59 h). Daily energy expenditures 
were derived by calculating the average metabolic rate (W) over the day excluding a 2-hour 
period from 16:00 – 17:59 h during which time the incubator doors were open (i.e. 22 h) and 
converting to an average daily amount (kJ 24 h-1). 
5.3.3 ORGAN MORPHOMETRICS 
Mice were sacrificed by CO2 inhalation within 40 days of the completion of the final 
respirometry trial. We immediately weighed mice (accurate to 0.01 g) and measured hind-
foot length and snout-rump length (accurate to 1 mm). The mice were stored at -20 °C. Prior 
to dissection mice were thawed using warm water. The liver, heart, kidneys, small intestine 
and lungs were excised, cleared of blood by perfusion with saline solution, then weighed 
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(accurate to 0.0001 g; Figure 5.2). The intestine was cleared of contents by perfusion with 
saline solution. The samples were freeze-dried on a 24-hour cycle to a constant weight and 
re-weighed to obtain the dry mass (accurate to 0.0001 g; Figure 5.2).  
Table 5.2 Descriptive statistics for morphological variables measured in Diversity Outbred mice (n = 
46). 
 Units Mean ± SD Min Max CV 
Body mass†  g 30.79 ± 5.95 20.06 48.48 0.193 
Liver g (dry mass) 0.444 ± 0.093 0.275 0.671 0.210 
Heart g (dry mass) 0.049 ± 0.012 0.032 0.079 0.235 
Small intestine g (dry mass) 0.113 ± 0.040 0.038 0.221 0.354 
Kidneys g (dry mass) 0.113 ± 0.037 0.063 0.199 0.323 
Lungs g (dry mass) 0.097 ± 0.020 0.063 0.149 0.202 
†
 Body mass was recorded immediately following euthanasia. 
 
5.3.4 STATISTICAL ANALYSIS 
Data analyses were completed using the software R version 3.2.3 interfaced with RStudio 
version 1.0.136 (R Core Team 2015; RStudio Team 2016). Means are presented ± 1 SD. 
Linear mixed effects (LME) models were fitted using the package ‘lme4’ (Bates et al. 2015) 
and P-values were derived using the package ‘lmerTest’ (Kuznetsova, Brockhoff, & 
Christensen 2016).  
ESTIMATION OF INDIVIDUAL METABOLIC REACTION NORMS 
Methods used to derive average individual reaction norms for metabolic rate and energy 
expenditure have been previously described (Chapter 2.3.3). Briefly, four separate LME 
models were fitted to describe variation in the metabolic reaction norms of: RMR in response 
to a decrease in Ta from 31 to 15 °C on days when food was available (RMR-Ta), and 
RMR31, RMR15 and, DEE in response to starvation (RMR31-Food, RMR15-Food, and 
DEE-Food, respectively). In addition to the dependant variable (RMR or DEE), the models 
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included fixed effects of average mb during trial, age, trial number, day within trial, the 
respirometry chamber number, a mb × food or Ta interaction, and a sex × food or Ta 
interaction. The DEE-Food model also included a fixed effect of wheel use. Air temperature 
was right centred on 31 °C and coded to vary between -1 and 0, representing 15 °C and 31 °C, 
respectively. Food availability was left-centred on the ‘food available’ condition and coded to 
vary between 0 and 1, representing food available and not available, respectively. All four 
models also included a random intercept of mouse identity (𝑉𝑖𝑛𝑑𝐼) and trial*ID (𝑉𝑡𝑟𝑖𝑎𝑙∗𝐼𝐷𝐼), 
and a random slope for the environmental variable of interest (Ta or food availability) that 
allowed the slope to vary at the level of identity (𝑉𝑖𝑛𝑑𝑆) and trial*ID (𝑉𝑡𝑟𝑖𝑎𝑙∗𝐼𝐷𝑆). A backwards 
stepwise deletion method was used to remove non-significant fixed effects until only 
significant covariates remained (p < 0.05). The variance components estimated at the level of 
individual, representing the predicted individual differences from the population mean 
intercept (𝑉𝑖𝑛𝑑𝐼) and slope (𝑉𝑖𝑛𝑑𝑆), also referred to as the best linear unbiased predictors 
(BLUPs), were extracted from the most parsimonious model for each reaction norm (Table 
S5.1). The intercepts of the RMR-Ta and RMR31-Food reaction norms both represented 
RMR measured at 31 °C on days when food was available, thus we chose not to include the 
intercept of the RMR-Ta model in subsequent modelling. Average repeatability was estimated 
for the reaction norm intercept (eqn. 5.1) and slope (eqn. 5.2). Average repeatability ignores 
within-individual variance (i.e. residual variance) and instead focuses on the mean reaction 
norm. All repeatability values are presented with 95% confidence intervals (CI) that were 
calculated using a semi-parametric bootstrap method with 1,000 simulations (‘lme4’ package 
in R).  
𝑅𝑖𝑛𝑡𝑒𝑟𝑐𝑒𝑝𝑡 =  
𝑉𝑖𝑛𝑑𝐼
𝑉𝑖𝑛𝑑𝐼+𝑉𝑡𝑟𝑖𝑎𝑙∗𝐼𝐷𝐼
  eqn. 5.1 
𝑅𝑠𝑙𝑜𝑝𝑒 =  
𝑉𝑖𝑛𝑑𝑆
𝑉𝑖𝑛𝑑𝑆+ 𝑉𝑡𝑟𝑖𝑎𝑙∗𝐼𝐷𝑆
  eqn. 5.2 
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Individual BLUPs more than three SDs from the population mean were classified as outliers 
and removed from the dataset (n = 2). Repeatability of the BLUPs signifies that individuals 
exhibit CIDs in the reaction norm component.  
ORGAN MASS ANALYSIS 
We performed a Shapiro-Wilk normality test to test if data were normally distributed. For 
data that were not normally distributed, several transformations were applied to determine 
which was best able to normalise the data. Consequently, mb, liver dry mass, heart dry mass, 
kidney dry mass and lung dry mass were log10 transformed, whereas small intestine dry mass 
was square root-transformed. The residuals of a linear relationship between the transformed 
organ mass data and log10-mb were used in subsequent analyses. Residuals more than three 
SDs from the population mean were classified as outliers and removed from the dataset (n = 
3). The bi-variate relationships between the residuals of dried organ masses were examined 
by computing the Pearson’s correlation coefficient (r) and significance (p < 0.05) in a 
correlation matrix. 
CORRELATIONS AMONG ORGAN MORPHOLOGY AND METABOLIC REACTION NORMS 
Seven separate linear models were applied to estimate the relationship between organ mass 
and each of the seven metabolic reaction norm components. Models included the response 
variable (i.e. the reaction norm component of interest) and each of the five transformed mb-
corrected residual organs masses as fixed effects. Starting with this global model structure, 
we derived the most parsimonious fixed effects structure by removing the least significant 
fixed effects in a stepwise manner until only significant fixed effects remained (p < 0.05). P-
values were calculated using the package lmerTest (Kuznetsova, Brockhoff, & Christensen 
2016), that estimates denominator degrees of freedom using the Satterthwaite’s method of 
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approximation. Residuals of all models were visually examined to ensure an approximately 
normal distribution with no clear outliers.  
5.4 RESULTS 
5.4.1 BODY MASS AND METABOLIC RATE 
There was a linear relationship between mb and RMR at 31 and 15 °C on days when food was 
available and when it was not available. Body mass explained 15% of the variation in 
RMR31 when food was available (F1,429 = 72.87, p < 0.001) and 22% when food was not 
available (F1,540 = 152.53, p < 0.001; Figure 5.2). Body mass explained 31% of variation in 
RMR15 when food was available (F1,431 = 191.51, p < 0.001) and 33% when food was not 
available (F1,540 = 267.07, p < 0.001; Figure 5.2).  
 
Figure 5.2 Relationship between body mass and resting metabolic rate measured at 31 °C (blue) and 
15 °C (green) on days when food was available (filled circles; solid lines), and when food was not 
available (open circles; dashed lines) in Diversity Outbred mice. 
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5.4.2 AVERAGE METABOLIC REACTION NORMS 
The metabolic reaction norm of RMR in response to a decrease in Ta from 31 to 15 °C on 
days when food was available (RMR-Ta; n = 864 obs. of NID = 97, NTrial*ID = 271) was 
significantly affected by Ta, mb, sex, trial, a Ta × mb interaction and the respirometry chamber 
number (Figure S2.5; Table S2.1). The fixed effects and random effects together explained 
95.6% of variation in RMR (i.e. conditional R2). Average repeatability was moderate for the 
intercept (𝑅𝑖𝑛𝑡𝑒𝑟𝑐𝑒𝑝𝑡 = 0.36, 0.18 – 0.53) and low for the slope (𝑅𝑠𝑙𝑜𝑝𝑒= 0.19, 0.02 – 0.35) of 
the RMR-Ta reaction norm (Table S2.1). 
The metabolic reaction norm of RMR measured at 31 °C in response to starvation 
(RMR31-Food; n = 973 obs. of NID = 97, NTrial*ID = 271) was significantly affected by food 
availability, mb, trial, day, a mb × sex interaction and the respirometry chamber number 
(Figure S2.6; Table S2.2). The fixed effects and random effects together explained 73.8% of 
variation in RMR31 (i.e. conditional R2). Average repeatability was moderate for the 
intercept (𝑅𝑖𝑛𝑡𝑒𝑟𝑐𝑒𝑝𝑡 = 0.30, 0.13 – 0.49), but high for the slope (𝑅𝑠𝑙𝑜𝑝𝑒= 0.63, 0.21 – 0.95) of 
the RMR31-Food reaction norm (Table S2.2). 
The metabolic reaction norm of RMR measured at 15 °C in response to starvation 
(RMR15-Food; n = 975 obs. of NID = 97, NTrial*ID = 271) was significantly affected by food 
availability, mb, trial, day, a mb × food interaction and the respirometry chamber number 
(Figure S2.7; Table S2.3). The fixed effects and random effects together explained 76.3% of 
variation in RMR15 (i.e. conditional R2). Average repeatability was high for the intercept 
(𝑅𝑖𝑛𝑡𝑒𝑟𝑐𝑒𝑝𝑡 = 0.74, 0.32 – 0.91) and moderate slope (𝑅𝑠𝑙𝑜𝑝𝑒= 0.43, 0.04 – 0.69) of the 
RMR15-Food reaction norm (Table S2.3). 
The metabolic reaction norm of DEE in response to starvation (DEE-Food; n = 942 
obs. of NID = 97, NTrial*ID = 271) was significantly affected by food availability, mb, sex, trial, 
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day, wheel use, a mb × food interaction, a mb × sex interaction and the respirometry chamber 
number (Figure S2.8; Table S2.4). The fixed effects and random effects together explained 
91.6% of variation in DEE (i.e. conditional R2). Average repeatability was low for the 
intercept (𝑅𝑖𝑛𝑡𝑒𝑟𝑐𝑒𝑝𝑡 = 0.32, 0.12 – 0.48), but high for the slope (𝑅𝑠𝑙𝑜𝑝𝑒= 0.69, 0.36 – 0.95) of 
the DEE-Food reaction norm (Table S2.4). 
5.4.3 ORGAN MORPHOLOGY 
At sacrifice, mean mb of the mice was 30.79 ± 5.95 g and age ranged from 320 to 365 days 
(mean 336 ± 13 days; Table 5.2). There was no correlation between mb and age at sacrifice 
(F1,44 = 3.55, r
2 = 0.075, p = 0.066). The dry organ masses and log10-mb at time of sacrifice 
were correlated (n = 46; Figure 5.3). Therefore, we used residuals from linear regressions to 
compensate for the effect of mb for further analyses (Figures S5.1 – S5.5). Three individuals 
had a residual dry organ mass greater than three SD’s from the population mean and were 
excluded from further analysis. After accounting for log10-mb, the residual organ dry masses 
were weakly correlated (n = 43; Figure 5.4).  
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Figure 5.3 Correlations among log10 body mass and the transformed dry mass of five visceral organs 
in Diversity Outbred mice (n = 42). Traits are shown along the diagonal, the Pearson’s correlation 
coefficient (r) and associated p-values are given in the upper-right, and the corresponding linear 
regressions between variables are reflected in the bottom-left. 
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Figure 5.4 Correlations among the residual dry mass of five visceral organs corrected for difference 
in body mass in Diversity Outbred mice (n = 42). Traits are shown along the diagonal, the Pearson’s 
correlation coefficient (r) and associated p-values are given in the upper-right, and the 
corresponding linear regressions between variables are reflected in the bottom-left. 
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5.4.4 CORRELATIONS BETWEEN ORGAN MORPHOLOGY AND METABOLISM 
Seven linear models were fitted to determine the relationship between each of the different 
metabolic reaction norm components (N = 7) and the residual dry masses of the five organs 
measured. We found that the residual dry masses of some visceral organs were correlated 
with four of the metabolic reaction norm components (Figure 5.5; Table 5.3). Individual 
differences in the slope of RMR to a decrease in Ta were positively correlated with the 
residual log10 dry mass of the kidneys (p = 0.028; Figure 5.5a), whereby individuals with a 
weaker response to Ta had larger kidneys. Individual differences in RMR15 were positively 
correlated with the residual log10 dry mass of the liver (p =0.007; Figure 5.5b), whereby 
individuals with lower RMR15 had larger kidneys. Individual differences in RMR31 were 
positively correlated with the residual log10 dry mass of the lungs (p =0.017; Figure 5.5d) and 
negatively correlated with the residual square root-transformed dry mass of the small 
intestines (p =0.053; Figure 5.5c), whereby individuals with a high RMR31 also had 
proportionally larger lungs and smaller small intestines. Finally, individual differences in 
DEE were positively correlated with the residual log10 dry mass of the heart (p = 0.009; 
Figure 5.5e), whereby individuals with a high DEE had a larger heart. 
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Figure 5.5 Predicted effects and partial residuals estimated from linear models fitted to explain the 
relationship between: (a) predicted individual differences in the slope of RMR to air temperature 
and residual dry kidney mass; (b) predicted individual differences in RMR at 15 °C and residual dry 
kidney mass; (c) predicted individual differences in RMR at 31 °C and residual dry small intestine 
mass; (d) predicted individual differences in RMR at 31 °C and residual dry lung mass; and (d) 
predicted individual differences in DEE and residual dry heart mass; (n = 42). 
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Table 5.3 Summary of linear models fitted to estimate the relationship between the residual (body 
mass corrected) mass of several metabolically active organs and predicted individual differences in 
four different metabolic reaction norm components: (a) the slope of resting metabolic rate (RMR) in 
response to a decrease in air temperature (Ta) from 31 to 15 °C; (b) RMR at 31 °C; (c) RMR at 15 °C; 
and (d) daily energy expenditure (DEE). 
(a) Slope of RMR to Ta (R2 = 0.12; F1,40 = 5.238) 
Fixed effects Coeff. ± s.e. t-value p-value 
Intercept -0.004 ± 0.002 -1.87 0.0683 
Residual kidney mass 0.067 ± 0.029 2.29 0.0275 
(b) Intercept of RMR31 to Food (R2 = 0.21; F2,39 = 5.332) 
Fixed effects Coeff. ± s.e. t-value p-value 
Intercept (W) -0.003 ± 0.002  -1.46 0.1518 
Residual small intestine mass -0.067 ± 0.034 -1.99 0.0536 
Residual lung mass 0.069 ± 0.028 2.49 0.0173 
(c) Intercept of RMR15 to Food (R2 = 0.17; F1,40 = 8.005) 
Fixed effects Coeff. ± s.e. t-value p-value 
Intercept (W) -0.001 ± 0.002 -0.26 0.799 
Residual kidney mass -0.093 ± 0.033 -2.83 0.007 
(d) Intercept of DEE to Food (R2 = 0.17; F1,40 = 8.005) 
Fixed effects Coeff. ± s.e. t-value p-value 
Intercept (W) -0.082 ± 0.235 -0.347 0.731 
Residual heart mass 8.800 ± 3.184 2.763 0.009 
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5.5 DISCUSSION 
Here we aimed to determine if among-individual variation in organ mass is a potential 
proximate mechanism underlying among-individual variation in average metabolic responses 
to environmental conditions. We found that the mass of the heart and lungs were positively 
correlated with RMR at 31 °C and DEE in the direction as predicted by the increased intake 
hypothesis. In contrast, we found that the small intestine was negatively correlated with RMR 
at 31 °C. Moreover, the kidneys were positively correlated with the slope of RMR in response 
to temperature and negatively correlated with RMR15. Hence, our results provide limited 
support for the increased intake hypothesis for the heart and lungs, but not for the liver, small 
intestine or kidneys. 
5.5.1 ORGAN MORPHOLOGY AND METABOLIC RESPONSE TO TEMPERATURE 
Resting metabolic rate at 15 °C was negatively correlated with the residual log10 dry mass of 
the kidneys. Whereas, the metabolic response to Ta was positively correlated with the residual 
log10 dry mass of the kidneys. This result suggests that individuals with larger kidneys exhibit 
a weak response to a decrease in temperature and tend to maintain a low RMR at sub-
thermoneutral Ta. We have previously shown that a low RMR at 15 °C is correlated with a 
weak metabolic response to a decrease in Ta (r = 0.60, p < 0.001; Chapter 2), thus supporting 
the correlation between the two components of thermoregulation and kidney mass. The 
kidneys constitute approximately 1.5% of total body mass (Table 5.2) and have been shown 
to contribute up to 3.5% of BMR in rats (Field, Belding, & Martin 1939). While the kidneys 
do not constitute a large component of metabolic heat production, they are significantly 
correlated with these two metabolic components related to thermoregulation, by a yet 
unknown mechanism.   
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5.5.2 ORGAN MORPHOLOGY AND ENERGY MANAGEMENT 
The capacity of the heart to supply oxygen and nutrients to tissues and to remove carbon 
dioxide is a limiting factor in cellular metabolism (Pittman 2011). Here we found that 
individuals with a larger heart exhibited a higher average DEE. We also expected that 
residual heart mass would be positively correlated with RMR31 as 75% of studies that we 
reviewed found this relationship in mammals (n = 12; Table 5.1), however this was not the 
case. Together, these results suggest that a larger heart might facilitate higher rates of average 
energy expenditure. As such, among-individual variation in heart mass could be a proximate 
mechanism underlying variation in DEE. 
 The increased intake and compensation hypothesis make contrasting predictions 
regarding how RMRt should relate to an animal’s energy expenditure. In particular, the 
increased intake hypothesis predicts a positive relationship between RMRt and DEE because 
a high RMRt is assumed to reflect the size of metabolically active organs that facilitate the 
rates of energy acquisition and mobilisation (Careau et al. 2008; Nilsson 2002). Hence, we 
expected to find a positive correlation between RMR31 and the mass of the heart, liver, 
lungs, kidneys and small intestines. In agreement with the increased intake hypothesis we 
found that RMR31 was positively correlated with the residual dry mass of the lungs. 
However, we also found that RMR31 was but negatively correlated with the residual dry 
mass of the small intestine and not correlated with the residual dry mass of the heart, liver or 
kidneys. The positive correlation between RMR31 and the residual dry mass of the lungs 
suggests that individuals with larger lungs have a greater capacity for gas exchange. This 
does not, however, necessarily indicate that the lungs are a limiting factor for aerobic 
metabolism as we did not measure the capacity for maximum oxygen consumption (e.g. 
𝑉𝑂2𝑚𝑎𝑥). We found few studies that have examined the relationship between lung mass and 
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RMRt in mammals, and of those few, 67% found no significant relationship while none 
found a negative relationship (n = 6; Table 5.1).  
The small intestines constitute approximately 2.3% of total body mass (Table 5.2) and 
are primarily responsible for uptake of nutrients and minerals (Schofield, Haboubi, & Martin 
1993). Here we found that the residual dry mass of the small intestine was negatively 
correlated with individual differences in RMR31. This result is contrary to previous studies in 
mammals that have found either a positive correlation or no correlation between the traits 
(Table 5.1). The alimentary tract is extremely flexible in structure in response to changing 
energy demands (Hammond & Diamond 1992; Hammond & Wunder 1991; Naya, Bozinovic, 
& Karasov 2008). Therefore, we did not necessarily expect a correlation between metabolism 
and the mass of the small intestine as the animals were not starved prior to euthanasia and 
could have been at different stages of digestion. 
5.5.3 CONCLUSIONS 
By calculating correlations among the residual dry mass of five metabolically active organs 
and different components of metabolic reaction norms to Ta and food availability we were 
able to determine that different organs are correlated with different components of 
metabolism. As such individual variation in the mass of these organs offers a possible 
proximate mechanism to help explain individual variation in metabolic responses to 
environmental conditions.   
 157 
 
Chapter 6  
GENERAL DISCUSSION 
6.1 MAIN FINDINGS AND SYNTHESIS 
The overarching aim of this thesis was to examine the relationships among various measures 
of energy expenditure and determine whether metabolic responses to environmental 
conditions can be consistent and important individual traits. Initially, I performed a literature 
review (Chapter 1) and highlighted the current limitations faced by ecologists and 
physiologists, both theoretically and practically, when seeking to integrate metabolism with 
other physiological, behavioural and life-history traits in endothermic animals. Individual 
variation in basal metabolic rate (BMR), by far the most common index of energy 
expenditure, is often assumed to reflect variation in other components of metabolic rate and 
energy expenditure and is frequently used in studies that aim to determine correlations 
between metabolism and various fitness and life-history traits. However, by its very 
definition, BMR purposefully excludes fundamental ways in which metabolic rate is adjusted 
in response to physiological state and environmental conditions (e.g. air temperature and food 
intake). Therefore, other indices of metabolism might prove to be more useful when trying to 
determine how these average responses might differ among individuals and how they might 
relate to fitness. In my thesis I proposed and tested whether metabolic responses to these key 
environmental conditions are important components of individual metabolic phenotypes, with 
the aim of developing more realistic and useful measures to link individual variation in 
energy expenditure with other physiological, behavioural and life-history traits. 
To test this hypothesis, I performed an empirical investigation to first determine if a 
model species of Diversity Outbred laboratory mice exhibited significant among-individual 
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differences in their metabolic responses to two of the most important environmental 
conditions – air temperature (Ta) and food availability (Chapter 2). Consistent among-
individual differences in the expression of a trait indicates that it might be subject to natural 
selection, therefore I measured these responses repeatedly to determine if individuals exhibit 
consistency in their phenotypic expression of metabolic responses to environmental 
conditions (Chapter 2). 
Once I established that individuals do indeed exhibit CIDs in their metabolic 
responses, I aimed to determine the biological importance of among-individual variation in 
metabolic responses to environmental conditions. I examined the correlations among the 
various components of metabolism and metabolic responses to Ta and food availability to 
determine which aspects of metabolism were best able to describe individual differences in 
energy expenditure (Chapter 2). This allowed me to determine which aspects of metabolism 
would likely have fitness consequences. I also examined the correlations between CIDs in 
metabolic responses to Ta and food availability and behavioural responses to an open-field 
test (Chapter 3), an index of reproductive fitness (Chapter 4) and organ mass (Chapter 5). 
Overall, I found that CIDs in metabolic responses are biologically important. 
My work has advanced our current understanding of the metabolic phenotypes of a 
small heterothermic mammal and highlighted that individuals exhibit strong among-
individual differences and consistency in their expression of metabolic responses to Ta and 
food availability well over a large fraction of their expected lifespan. The results of this thesis 
provided insight on how different components of metabolism relate to energy expenditure 
and have provided an exciting new avenue for researching the co-variation between 
metabolic responses to environmental conditions and other physiological, behavioural and 
life-history traits. 
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6.1.1 DIVERSITY OUTBRED MICE EXHIBIT CONSISTENT INDIVIDUAL DIFFERENCES IN THEIR 
METABOLIC RESPONSES TO ENVIRONMENTAL CONDITIONS  
Environmental conditions such as Ta and food availability have strong effects on the 
metabolism and energy expenditure of small mammals (Auer et al. 2016). Individual 
differences in metabolic responses to these important environmental conditions might also be 
large and consistent, and if so, this could constitute an important part of the individual 
metabolic phenotype. Understanding among-individual variation in metabolic responses to 
environmental conditions is important for two main reasons. Firstly, phenotypic variation 
within a population is an important mechanism by which populations persist through 
ecological challenges (Hughes et al. 2008; Wolf & Weissing 2012). A focus on individual 
variation in responses to environmental change will help ecologists and physiologists better 
understand how individuals and populations cope with both natural and anthropogenic 
variations in their environment. Secondly, it is proposed that energy expenditure is correlated 
with other traits and it is at the individual level that such linkages should be apparent (Biro & 
Stamps 2008, 2010; Dingemanse et al. 2010; Réale et al. 2010). To understand such linkages 
at the individual level, we must develop better ways to characterise individual differences in 
energy expenditure that are more clearly important to the ecological mechanisms (e.g. 
starvation, avoiding hypothermia) hypothesised to underpin trait correlations. 
I used open-flow respirometry to measure the metabolic rate of 97 individual 
Diversity Outbred mice continuously for either 3 or 4 days, repeated up to three times over a 
one-year period. This enabled me to create detailed metabolic profiles for each of the 97 
mice. The metabolic profiles included data on resting metabolic rate (RMR) at two Ta’s and 
daily energy expenditure, measured when food was available and when food was not 
available. By measuring responses repeatedly in the short-term (i.e. within a respirometry 
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trial) and long-term (i.e. over three respirometry trials) I was able to estimate temporal effects 
on metabolism and determine average metabolic profiles for each mouse.  
Air temperature and starvation had large population-mean effects on metabolic rate 
owing to thermoregulatory heat production and modulation of RMR. Individuals also 
exhibited large differences in their body mass (mb)-corrected RMR31, RMR15 and DEE. 
Remarkably though, individuals exhibited even larger differences in their mb-corrected 
metabolic responses to Ta and starvation, and to the interaction of these environmental factors 
(i.e. starvation response at different Ta’s). Although each individual’s average metabolism 
and energy expenditure varied over the one-year measurement period, individuals exhibited 
consistent differences in their average responses to starvation. Thus, the strength and 
direction of individual responses to starvation remained consistent despite variation in 
average metabolic rate over time. The results of this study are novel and important for two 
reasons. First, because they show that individuals exhibit consistent individual differences in 
their metabolic responses to starvation, suggesting that there is an underlying genetic cause to 
this variation such as differences in alleles and/or the expression of genes through epigenetic 
modification (Dingemanse et al. 2010). Second, the high repeatability of metabolic responses 
to starvation indicates that these traits are useful indicators of average individual phenotypes 
that could have fitness consequences. 
6.1.2 CORRELATIONS AMONG DIFFERENT COMPONENTS OF METABOLISM AND ENERGY 
EXPENDITURE 
Within-species, variation in BMR is often assumed to reflect variation in energy expenditure 
and production capacity and is therefore hypothesised to have fitness consequences (Biro & 
Stamps 2008, 2010; Dingemanse et al. 2010; Réale et al. 2010). Evidence from nearly three 
decades of research indicates that BMR is not a strong index of energy expenditure under a 
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range of circumstances, yet among-individual variation in BMR is still commonly assumed to 
be important and informative by ecologists and physiologists. Using the detailed metabolic 
profiles that I created, I was able to determine which components of metabolism best reflect 
variation in energy expenditure in Diversity Outbred mice.  
Individual variation in RMR measured at 31 °C (i.e. comparable to BMR except for 
the possible influence of digestion) was able to explain some of the individual variation in 
DEE. However, I found that individual variation in RMR measured at 15 °C explained 47% 
of individual variation in DEE, substantially more than the 28% explained by RMR measured 
under standard conditions (i.e. RMR at 31 °C). This might be owing to the ability of the 
colder Ta to capture individual variation in mechanisms used to save energy in responses to 
environmental stress, such as torpor use, that are not captured within the thermoneutral zone. 
The ability to adjust metabolic rate in response to environmental or physiological conditions 
is crucial to survival because Ta and food availability vary across time and space. Therefore, 
it is not surprising that the response of RMR to starvation at 15 °C was shown to have the 
strongest correlation with DEE. This result is important because it shows, for the first time, 
the relative contribution of metabolic responses to temperature and food availability to daily 
energy expenditure. Furthermore, this result shows that compared to variation in RMR31 (i.e. 
comparable to BMR except for the possible influence of digestion), among-individual 
differences in response to Ta and food availability are large in small endotherms. Future 
studies wishing to determine the correlations among energy expenditure and life-history 
traits, such as growth or reproduction, should use an index of metabolism that more 
accurately reflects individual variation in energy expenditure than the commonly used index 
of BMR. It is not always possible to capture the same level of detailed metabolic information 
that I was able to capture in this study, and I do not suggest that this level of data should be 
collected all the time. But rather, I aimed to demonstrate the relationships among all variables 
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in a model system that could be closely monitored, thus allowing me to identify important 
aspects of metabolism. I suggest that future studies place great emphasis on determining 
which aspects of metabolism to quantify depending on the ecological or physiological 
questions to be answered. 
6.1.3 CORRELATIONS AMONG METABOLIC REACTION NORMS AND BEHAVIOURAL TRAITS 
The pace-of-life syndrome hypothesis proposes that consistent individual differences in a 
single trait cannot be understood in isolation, rather they have co-evolved as part of an 
integrated syndrome of physiological, behavioural and life-history traits to optimise fitness 
under given environmental conditions (Biro & Stamps 2010; Réale et al. 2007, 2010; 
Ricklefs & Wikelski 2002; Sih, Bell, & Johnson 2004; Stamps 2007). Although some studies 
have found correlations between CIDs in metabolism and behaviour, overall support for the 
POLS hypothesis is low (Royauté et al. 2018). This might be because the current indices of 
metabolism used in comparative studies do not accurately reflect the ecological challenges 
animals face that might influence their behaviour. As I had previously established that mice 
exhibit CIDs in their expression of several metabolic traits including metabolism measured 
under standard (i.e. 31 °C) and challenging conditions (i.e. 15 °C), and in response to Ta and 
starvation, I aimed to determine if any of these components of metabolism were correlated 
with behavioural responses to an open-field test in Diversity Outbred mice.  
I found that there were strong and consistent among-individual differences in 
behavioural responses to an open-field test under environmentally controlled conditions 
indicating that there could be a physiological basis to the expression of these behavioural 
traits. Despite individuals exhibiting CIDs in both metabolic and behavioural traits we found 
no evidence to suggest that any of these different components of metabolism or behaviour 
were correlated. As the study was conducted under laboratory conditions that minimised 
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environmental differences among individuals and removed certain ecological pressures (e.g. 
predation risk, resource unpredictability), the system provided a strong experimental test for 
shared physiological correlations between metabolism and behaviour. The lack of 
correlations in my large and robust data set indicates that variation in metabolism and 
behaviour are not caused by shared physiological pathways (e.g. shared hormonal basis).  
Studies of individuals experiencing relevant ecological pressures have been more 
successful in finding links between metabolism and behaviour (Biro & Stamps 2010). To 
understand how these linkages arise I suggest that future studies should control for particular 
environmental variables to isolate the cause. This could be achieved by using semi-natural 
enclosures where conditions can be controlled and where all individuals can be recaptured for 
phenotypic testing. If correlations between metabolic phenotypes and behavioural traits are 
shown in free-living populations my results suggest they are caused by environmental factors 
that lead to optimal trait correlations to increase the fitness outcomes within a population, 
rather than a shared physiological basis (Dingemanse et al. 2007). Indeed, co-variation 
between metabolism and behaviour might only be expected when the ecological context 
demands it. 
6.1.4 INDIVIDUAL VARIATION IN METABOLIC REACTION NORMS ARE CORRELATED WITH 
OFFSPRING GROWTH RATE DURING DIFFERENT STAGES OF GROWTH 
It is hypothesised that metabolic rate is important in modulating energetic trade-offs between 
growth, reproduction and self-maintenance, yet the nature of a relationship between different 
components of metabolism and indices of fitness are infrequently tested and remain poorly 
understood (Burton et al. 2011). Basal metabolic rate is unlikely to reflect individual 
differences in daily energy expenditure because strong ubiquitous thermoregulatory effects 
on metabolism below the thermoneutral zone are not encapsulated in this index of 
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metabolism. I previously identified that Diversity Outbred mice exhibit large CIDs in their 
metabolic responses to environmental conditions, that were repeatable thus highlighting that 
they might have important fitness implications. Here I tested whether different components of 
metabolism were good predictors of reproductive fitness, measured as litter size and offspring 
growth rate, in a sub-sample of 77 mice from the original population (Chapter 2). 
 Overall, the study revealed some remarkable novel results. Firstly, I found that 
offspring growth rate was correlated with different components of the parent’s metabolic 
phenotypes during different stages of growth. Individual differences in the mother’s 
metabolic response to Ta was negatively correlated with growth rate when the offspring were 
1 to 16 days old and from birth until weaning (i.e. 1 to 31 days old), whereby mothers with a 
stronger response to Ta produced heavier, faster growing offspring. Individual differences in 
the slope of the mother’s DEE in response to starvation were also correlated with offspring 
growth rate from birth until weaning, whereby mothers with the smallest reduction in DEE in 
response to starvation produced heavier, faster growing offspring. Individual differences in 
the father’s metabolic phenotype were also correlated with offspring growth rate. The 
heaviest offspring at weaning were produced by fathers with the lowest RMR31, and the 
smallest reductions in RMR31 and RMR15 in response to starvation. Moreover, none of 
these results supported current hypothesis linking individual variation in metabolism and 
energy expenditure with individual variation in life-histories. 
The increased intake hypothesis predicts a positive relationship between BMR and an 
animal’s capacity to assimilate and process energy to fuel processes such as growth and 
reproduction (Burton et al. 2011; Careau et al. 2008; Drent & Daan 1980; Nilsson 2002). 
Whereas, the compensation hypothesis, in contrast, predicts a negative relationship between 
BMR and remaining energy available for growth and reproductive output (Careau et al. 2008; 
Metcalfe, Taylor, & Thorpe 1995; Nilsson 2002). The positive correlation between individual 
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differences in the mother’s metabolic response to Ta and offspring growth rates during the 
early growth phase (i.e. days 1 to 16) and over the entire period until weaning (i.e. days 1 to 
31) could be explained by two mechanisms that simultaneously promote growth. Heat loss 
from the mother could have a direct positive effect by increasing nest temperature and the 
body temperature of the offspring, thus increasing offspring RMR and growth rate. 
Additionally, if a mother’s energy expenditure is limited by her capacity to dissipate heat, 
then mother’s with greater metabolic response to Ta should be able to maintain higher levels 
of energy intake and provide more energy (via milk production) to her offspring, thus 
promoting growth. In this way my results support the predictions of the heat limitation 
dissipation hypothesis, that proposes that metabolic output of individuals is not limited by 
internal constraints on metabolism as predicted by the increased intake hypothesis, or their 
maintenance energy costs as proposed by the compensation hypothesis, but rather by their 
ability to dissipate heat generated as a by-product of metabolism (Speakman & Król, 2010b).  
 Over the entire growth period (i.e. days 1 to 31) offspring growth rate was promoted 
in offspring from fathers with lower overall RMR31, and weaker RMR31 and RMR15 in 
response to starvation. This result indicates that there could be genetic inheritance of 
metabolic phenotypes and in this case inheritance of ‘slow’ metabolic phenotypes from the 
fathers results in a thrifty offspring phenotype that was able to allocate more energy into 
growth. Alternatively there could be an epigenetic effect whereby offspring are programmed 
to be optimised for in the environment in which their father lived (Macartney, Crean, & 
Bonduriansky 2018). 
 The correlations among metabolism and life-history traits are clearly complex and are 
likely to be even more intricate in free-living animals facing different ecological challenges. 
Overall, the results found in this study have shown that CIDs in different components of the 
parent’s metabolic phenotypes are correlated with reproductive fitness in different ways and 
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at different stages of growth that could have been modulated by behavioural, developmental 
and/or physiological mechanisms. This is a novel area of research, as such, more research 
must be directed towards how the different metabolic components are correlated with 
different aspects of reproductive fitness. This should be conducted in both controlled 
laboratory conditions where breeding can occur in different controlled conditions (i.e. cold 
versus warm environments) and in free-living animals where individuals experience greater 
variation in their environmental conditions and face additional ecological challenges such as 
predation risk. 
6.1.5 CORRELATIONS AMONG METABOLIC REACTION NORMS AND ORGAN MASS 
Organ mass has been implicated as a possible proximate mechanism that could help explain 
some of the among-individual variation in RMR, because, essentially, RMR is the sum of the 
metabolic rate measured across all tissues (Schmidt-Nielsen 1984). Variation in organ mass is 
thought to be important because it relates to the proposed mechanisms linking RMR with 
production and fitness (i.e. as proposed by the increased intake hypothesis), however, data to 
support this idea are equivocal. It is possible that organ mass might only be correlated with 
metabolism under certain circumstances. Previously I found that individuals exhibit strong 
among-individual differences in metabolic responses to environmental conditions, therefore it 
was possible that some of this variation could be explained by organ mass. Therefore, I aimed 
to determine if among-individual variation in the mass of several metabolically active organs 
could be a potential proximate mechanism underlying among-individual variation in 
metabolic responses to environmental conditions.  
 I found that the masses of different organs were correlated with different components 
of metabolism. For instance, the residual dry mass of the heart was positively correlated with 
DEE, but not with any other components of metabolism. Indeed, metabolic rate fluctuates 
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over a given day and the result suggests that heart mass (reflecting capacity for oxygen 
transport) reflects average energy expenditure rate rather than RMR. Interestingly, the 
residual dry mass of the kidneys was correlated with thermoregulatory components of 
metabolism through a yet to be identified mechanism. It has been hypothesised that the 
alimentary tract is a limiting factor to energy uptake and as such should be positively 
correlated with BMR and production, however, we found the opposite relationship whereby 
the residual dry mass of the small intestine was negatively correlated with RMR at 31 °C. 
Indeed, evidence supporting this relationship is equivocal and indeed more recent studies 
have found that the alimentary tract is extremely flexible and exhibits plasticity in its capacity 
in response to changing energy demands (Hammond & Diamond, 1992; Speakman & Król, 
2010b). Together, the results obtained in this study indicate that energy expenditure is not 
likely constrained by organ mass as suggested by the increased intake hypothesis. Rather 
organ masses are correlated with different components of metabolism. 
6.2 LIMITATIONS AND FUTURE DIRECTIONS 
I chose the Diversity Outbred strain of laboratory mouse for this study because the large 
genetic and phenotypic diversity that has been bred into this strain ensured that individuals 
would exhibit a range of metabolic phenotypes thereby allowing me to make comparisons 
between phenotypes. This strain was chosen over a standard inbred line that would poorly 
reflect among-individual diversity within wild populations. Wild populations may or may not 
exhibit such large among-individual variation. Despite this, the fact that the Diversity 
Outbred mice exhibited such strong and consistent metabolic responses under laboratory 
conditions suggests that there is a genetic basis to this variation that is likely to be present in 
wild populations. Alternatively, I could have captured individuals from a wild population to 
use as a model species that might have provided a better sample of natural diversity. I 
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decided against using wild-caught animals for two reasons. Firstly, when live-trapping with 
passive apparatuses such as Elliot traps, there is a high probability of catching more 
explorative, proactive individuals that would substantially skew the phenotypes of the sample 
population (Biro & Dingemanse 2009). Indeed, heterogeneity in trap response is common 
among wild mice (Mus musculus; Drickamer et al. 1999). Secondly, wild caught animals are 
not accustomed to confined laboratory environments or human handling, factors that could 
elicit a stress response. This could result in varied degrees of physiological responses among-
individuals including elevated heart rate and increased energy expenditure (Careau et al. 
2008). I believe that the Diversity Outbred strain of mouse was an excellent model species to 
test the assumptions of this thesis in a controlled laboratory environment. 
 I chose to conduct this study in a controlled laboratory environment rather than in the 
field for several reasons. A main aim of my thesis was to determine if individuals exhibit 
consistency in their metabolic phenotypes. This was only possible if I could maximise the 
number of individuals that I could measure repeatedly over a long time period. Furthermore, I 
was able to ensure that all mice experienced the same environmental conditions, thus 
excluding environmental variables as possible factors that could lead to the development of 
certain phenotypes during ontogeny. However, I was unable to distinguish if among-
individual variation in metabolic phenotypes were caused by genetic or permanent 
environmental effects. As average metabolic reaction norms were highly repeatable, this 
suggests that there is a potential genetic component to individual variation in metabolic 
reaction norms. During the experimental phase of this thesis I was able to breed the original 
‘parental’ generation using a paternal half-sib design and collected data on the metabolic 
reaction norms for two subsequent generations (i.e. F1 and F2). However, due to the time 
constraints of this thesis I was unable to analyse this data. Moving forward I will use this 
information to estimate the heritability of metabolic reaction norms. This will provide insight 
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into the genetic component of among-individual variation in metabolic responses to 
environmental conditions. To distinguish any maternal/permanent environmental factors that 
are correlated with this variation I suggest that future studies conduct selection experiments 
that involve cross-fostering between mothers.   
The experimental system I used does have clear limitations. Laboratory studies do not 
capture the ecological challenges that free-living animals face daily. Indeed, the biological 
consequences of individual variation in metabolic reaction norms to environmental conditions 
might only be apparent in animals facing ecological challenges. Under laboratory conditions I 
have shown that Diversity Outbred mice exhibit CIDs in metabolic responses to 
environmental conditions and that variation in these responses can have fitness consequences. 
However, it is important for future studies to quantify repeatability and determine the 
biological importance of individual variation in metabolic responses in animals facing direct 
ecological pressures in a controlled environment. An illuminating direction for future 
research would be to determine the fitness consequences of these different metabolic 
strategies under different environmental conditions in within free-living populations. I 
encourage research that tests for correlations among CIDs in different aspects of metabolism, 
including metabolic responses, and other physiological, behavioural and life-history traits in 
semi-controlled captive studies where ecological conditions, such as perceived predation risk 
and resource availability can be controlled. Ideally such an approach would occur over 
multiple generations to estimate the evolutionary consequences of co-variation in CIDs in 
metabolism and other physiological, behavioural and life-history traits. Indeed, genetic and 
epigenetic analyses of the co-variation between metabolic reactions on fitness could prove to 
be a new and exciting area of research. 
Another area of research that could prove fruitful and informative is to determine the 
proximate causes of individual variation in torpor use. Here, I have shown that individuals 
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differ substantially in their thermoregulatory responses to starvation at 15 °C, a response that 
is indicative of torpor use. Little is currently known about the physiological factors contribute 
to among-individual variation in torpor use. Therefore, gaining a better understanding of the 
proximate mechanisms that influence torpor use would be a considerable leap forward in our 
understanding of thermoregulatory physiology. 
6.3 CONCLUSIONS 
In my thesis I have demonstrated that individuals exhibit consistent individual differences in 
metabolic responses to environmental conditions. I have shown that not only do individuals 
exhibit large differences in their mb-independent RMR at 31 °C, RMR at 15 °C and DEE, but 
they exhibit even larger differences in their mb-independent metabolic responses to Ta and 
starvation at 31 and 15 °C. By showing that metabolic reaction norms vary among-
individuals and that they are consistent over time, I have provided the first evidence that there 
could be a genetic basis to the expression of metabolic reaction norms. My research has 
highlighted that individual variation in RMR at 31 °C is not the best predictor of individual 
variation in DEE, and that in fact variation in RMR at 15 °C and the response of RMR to 
starvation at 15 °C were best able to reflect individual variation in DEE. Furthermore, I have 
shown that there is not a shared physiological link between metabolic phenotypes and 
behavioural responses to an open-field test (i.e. index of boldness, exploration and activity). I 
have provided substantial insight into how metabolic responses to environmental conditions 
are correlated with reproductive fitness by showing that various components of the parent’s 
metabolism are correlated with offspring growth rate during different stages of postnatal 
growth. Finally, I have shown that organ masses are correlated with different components of 
metabolism that are relative to their specific function. My research provides a much-needed 
test of the ecological and physiological relevance of BMR as a single measure of metabolism. 
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Such an approach can be powerful because it tests the assumptions that often are required by 
ecological and physiological studies.  
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APPENDIX I: RESPIROMETRY PROTOCOL 
We measured the metabolic rate of the same mice during three, separate multi-day 
respirometry trials between August 2015 and July 2016. In trial 1 we collected data over a 
three-day period for 97 mice (67 females and 30 males) with a mean age of 95 ± 15 days. 
Following trial 1, 60 female and 30 male mice were paired (each male was paired 
sequentially with 2 females) for another experiment. Of the paired females, only 48 
successfully produced litters. Allowing for a minimum of one week after litter weaning in 
breeding females, trial 2 was carried out 179 ± 73 days after trial 1. In trial 2 we collected 
data over a four-day period for 89 mice (61 females and 28 males) with a mean age of 274 ± 
80 days. Trial 3 was carried out 70 ± 38 days after trial 2, and we collected data over a four-
day period for 85 mice (57 females and 28 males) with a mean age of 349 ± 48 days. In total 
we collected data for 97 mice, typically with three trials per mouse (NID*Trial = 271).  
ENVIRONMENTAL TREATMENTS 
Metabolic rate in response to Ta was measured by exposing mice to a daily temperature cycle, 
that varied between 31 °C (12:00 to 19:59 h), 20 °C (20:00 to 03:59 h), and 15 °C (04:00 to 
11:59 h). A Ta of 31 °C was predicted to be within the thermoneutral zone of these mice 
(Gordon 2012), that provided information on the minimum RMR without regulatory heat 
production, whereas lower temperatures provided information on the increase in RMR 
required for thermoregulatory heat production, and the possible use of torpor as an energy-
saving mechanism.  
Metabolic rate in response to starvation was measured by preventing access to food 
hoppers using program-controlled doors for 24 hours on days 1 and 3 of each trial. Mice had 
ad libitum access to food on days 2 and 4 of each trial. Mice were able to run on the in-built 
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running wheels within their measurement chambers on days when food was available, but 
wheels were fixed to prevent rotation at 16:00 h on non-food days.  
Mice were weighed and placed into measurement chambers between 14:00 and 15:00 
h and measurements commenced from 16:00 h, marking the beginning of day 1. Each day of 
the respirometry trial spanned the period between 16:00 and 15:59 h of the subsequent day, 
that linked rest-phase responses with previous active-phase conditions. At the end of each 
trial mice were weighed and returned to their home cages. 
RESPIROMETRY 
We measured oxygen consumption (𝑉𝑂2) and carbon dioxide production (𝑉𝐶𝑂2) of the mice 
using a 16-animal, ‘live-in’ metabolic and behavioural phenotyping system (Promethion®, 
Sable Systems, NV, USA). A pull-mode of open-flow respirometry (flow rate 2 L/min), use 
of high-resolution analysers and application of the Z- correction technique (Bartholomew, 
Vleck, & Vleck 1981; Pendar & Socha 2015) allowed the mice to be measured in large, 
unsealed chambers that closely resembled their home cages (365 × 207 × 140mm; 10.58 L 
volume; type 1284L; Techniplast, Italy). This minimised stress induced by using novel, 
typically confined, respirometry chambers (Careau et al. 2008). Our system consisted of 16 
measurement chambers that used home cages with modified cage tops that included a slightly 
smaller water bottle and metal food hopper with an automated door, and the addition of a 
running wheel and a body weight module (opaque tube) suspended from the lid. Access to the 
food hopper was controlled using a programable door. The body mass module was connected 
to a calibrated load cell fitted to the cage lid and running wheel revolutions were recorded 
using a magnetic reed switch. The 16 measurement chambers were split into two sets of eight 
chambers, each located within a programmable peltier-cooled incubator (IPP750plus, 
Memmert, Germany). Background (i.e. influx) gas concentrations were measured in a single 
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‘baseline’ cage per eight cages in each incubator, that included a water bottle, container of 
rodent pellets and bedding substrate. 
Air was drawn out of each measurement chamber at 2,000 ml min-1 through a micro-
perforated stainless-steel tube located around the bottom inner perimeter of each chamber and 
connected to a filtered outlet valve at the top of the chamber. For each group of eight mice 
and a baseline chamber, the respective flow controller (FR-8, Sable Systems) selected one air 
stream to be directed to the analysis instrument (GA-3, Sable Systems). Air flow rate of the 
selected channel was controlled and measured using a high-precision mass flow meter. For 
each parallel measurement group of 8 animals, the selected air stream was switched every 15 
seconds (dwell time) between each animal in sequence and the baseline chamber (i.e. animal 
1, baseline, animal 2, …), that enabled the gas composition of each animal chamber to be 
sampled every 4 minutes. The two parallel air streams entering the analysis unit (one from 
each of two sets of eight animals) were each subsampled at a rate 250 ml min-1 and pushed 
through one of two parallel sets (‘blades’) of water vapour, CO2 and O2 analysers (GA-3, 
Sable Systems). The GA-3 units also measured barometric pressure every second. The raw 
metabolic data for each chamber were adjusted using a Z-transformation to accurately 
extrapolate the full extent of a change in gas partial pressures when switching between cages 
(O2 Z-factor = 0.30; CO2 Z-factor = 0.20; water vapour Z-factor = 0.25; Bartholomew, Vleck, 
& Vleck 1981; Lighton 2008). Instrument control and data acquisition were regulated by the 
software program MetaScreen v.1.9.2 (Sable Systems). 
Raw data were processed using ExpeData v.1.9.2 (Sable Systems) using an executable 
script. Briefly, the O2 and CO2 channels were corrected for water vapour dilution by 
multiplying them by BP/(BP – WVP), where BP is barometric pressure and WVP is water 
vapour pressure. Next the O2 and CO2 channels were corrected to standard barometric 
pressure by multiplying them by 101.325/BP. The dried incurrent O2 baselines in each O2 
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channel were then spanned to FiO2 = 0.2094 to eliminate analyser drift, where FiO2 is the 
fractional concentration of O2 in the incurrent air stream. Oxygen consumption (𝑉𝑂2) and 
carbon dioxide production (𝑉𝐶𝑂2) were then calculated from fractional concentrations of O2 
and CO2 that were determined from the raw O2 and CO2 traces using the following equations 
(Lighton 2008): 
𝑉𝑂2 =
𝐹𝑅𝑒[(𝐹𝑖𝑂2 − 𝐹′𝑒𝑂2) − 𝐹𝑖𝑂2(𝐹
′
𝑒𝐶𝑂2 −  𝐹𝑖𝐶𝑂2)]
(1 − 𝐹1𝑂2)
 
and 
𝑉𝐶𝑂2 =
𝐹𝑅𝑒[(𝐹′𝑒𝐶𝑂2 −  𝐹𝑖𝐶𝑂2) + 𝐹𝑖𝐶𝑂2(𝐹𝑖𝑂2 − 𝐹′𝑒𝑂2)]
(1 − 𝐹1𝐶𝑂2)
 
Where 𝐹𝑅𝑒 is the flow rate of excurrent air, 𝐹𝑖 is the fractional concentration of O2 or CO2 in 
the incurrent air stream and 𝐹′𝑒 is the fractional concentration of O2 or CO2 in the excurrent 
airstream. 
We calculated energy expenditure using the Weir equation (Weir 1949): 
𝑘𝑐𝑎𝑙 ℎ−1 = 60 × (0.003941 × 𝑉𝑂2 + 0.001106 ×  𝑉𝐶𝑂2) 
and converted energy expenditure to Watts:  
𝑊 = 𝑘𝑐𝑎𝑙 ℎ−1 × 1.163 
CALCULATION OF METABOLIC RATE 
Calculations of RMR excluded raw data collected in the first hour after a change in Ta to 
ensure that the temperature had stabilised and that mice had a chance to acclimate to the 
environment. For each day, within each trial, RMR31 represented the lowest running average 
of 3 recorded values (i.e. over 12 minutes) with a coefficient of variation ≤ 10% during the 
period of the day when Ta was 31 °C (13:00 – 15:59 h). For each day, within each trial, 
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RMR15 represented the lowest running average of 3 recorded values (i.e. over 12 minutes) 
with a coefficient of variation ≤ 10% during the period of the day when Ta was 15 °C (05:00 – 
11:59 h). Daily energy expenditures were derived by calculating the average metabolic rate 
(W) over the day excluding a 2-hour period from 16:00 to 17:59 h during which time the 
incubator doors were open (i.e. 22 h of measurements without disturbance) and converting to 
an average daily amount (kJ 24 h-1).  
 
SYSTEM CALIBRATION 
The flow meters (FR-8, Sable Systems) were calibrated and checked yearly by SDR scientific 
(i.e. Sable Systems’ service representative in Sydney). No discrepancies in the flow meters 
were found. Furthermore, the gas analyser units (GA-3, Sable Systems) were calibrated every 
two months with pure analytical grade N2 (containing no CO2), and a CO2 span gas that 
contained a certified concentration of O2, CO2 and N2.  
At the beginning of each respirometry trial, the GA-3 unit was programmed to 
perform an automated calibration whereby ambient air, containing water vapour, was 
switched to flow through the GA-3 unit before being temporarily redirected through a 
chemical scrubber column containing alternating layers of magnesium perchlorate and 
Ascarite, that removed CO2 from the airstream. This process allowed the water vapour 
analyser within the GA-3 unit to be calibrated (Lighton 2008).  
The O2 analyser within the GA-3 unit was spanned to the fractional concentration of 
0.2094 and the water vapour analyser was zeroed using the incurrent dry air and barometric 
pressure correction to a standard pressure of 101.325 kPa. The chemical scrubber column was 
then excluded from the circuit and the O2 concentrations were diluted by the incurrent wet 
air. The water vapour pressure analyser was then automatically spanned using the incurrent 
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air stream and was used to calculate the degree by which the O2 concentration fell. During the 
automated calibration of the water vapour analyser, CO2 was chemically scrubbed from the 
airstream and the CO2 analyser was zeroed. The automated calibration was the only point at 
which the air stream was dried during each respirometry trial, and for the remainder of the 
trial water vapour was not removed and its dilution effect on partial pressures of O2 and CO2 
were instead mathematically compensated for using the barometric pressure and water vapour 
data collected by the GA-3 unit throughout the trial (Lighton 2008). A manual post hoc 
verification of the scrubber column function and system calibration were performed on all 
raw data using the program ExpeData (O’Leary & Foerster 2013).  
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APPENDIX II: SUPPLEMENTARY MATERIAL 
SUPPLEMENTARY MATERIAL: CHAPTER 2 
 
Figure S2.1 Resting metabolic rate in response to a decrease in air temperature in Diversity Outbred 
laboratory mice (n = 97; each panel). Measurements were taken on days when food was available 
over a maximum of 3 respirometry trials per individual. The population mean response is 
represented by the solid black lines. 
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Figure S2.2 Reaction norms of resting metabolic rate measured at 31 °C in response starvation in 
Diversity Outbred laboratory mice (n = 97; each panel). Measurements were taken over a maximum 
of 3 respirometry trials, each lasting 3-4 days. The population mean response is represented by the 
solid black lines. 
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Figure S2.3 Reaction norms of resting metabolic rate measured at 15 °C in response starvation in 
Diversity Outbred laboratory mice (n = 97; each panel). Measurements were taken over a maximum 
of 3 respirometry trials, each lasting 3-4 days. The population mean response is represented by the 
solid black lines. 
 211 
 
Figure S2.4 Reaction norms of daily energy expenditure in response starvation in Diversity Outbred 
laboratory mice (n = 97; each panel). Measurements were taken over a maximum of 3 respirometry 
trials, each lasting 3-4 days. The population mean response is represented by the solid black lines.  
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Table S2.1 Summary of best-fitting linear mixed effects model fitted to explain variation in RMR (W) 
in response to air temperature (°C) on days when food was available in Diversity Outbred laboratory 
mice. 
 
Random effects  Component SD Correlation (95% CI) Repeatability R (95% CI) 
Ta †| Trial*ID 𝑉𝑡𝑟𝑖𝑎𝑙∗𝐼𝐷𝐼 0.0339 0.30 (0.10, 0.46) 𝑅𝑎𝑣𝑒𝑟𝑎𝑔𝑒𝐼  0.36 (0.18, 0.53) 
𝑉𝑡𝑟𝑖𝑎𝑙∗𝐼𝐷𝑆 0.0561  𝑅𝑎𝑣𝑒𝑟𝑎𝑔𝑒𝑆  0.19 (0.02, 0.35) 
Ta† | Individual 𝑉𝑖𝑛𝑑𝐼  0.0256 0.30 (-0.66, 0.90) 𝑅𝑙𝑜𝑛𝑔𝑡𝑒𝑟𝑚𝐼  0.25 (0.11, 0.38) 
𝑉𝑖𝑛𝑑𝑆  0.0271  𝑅𝑙𝑜𝑛𝑔𝑡𝑒𝑟𝑚𝑆  0.16 (0.02, 0.30) 
Residual 𝑉𝑒0  0.0283  𝑅𝑠ℎ𝑜𝑟𝑡𝑡𝑒𝑟𝑚𝐼  0.69 (0.63, 0.77) 
    𝑅𝑠ℎ𝑜𝑟𝑡𝑡𝑒𝑟𝑚𝑆  0.83 (0.80, 0.87) 
Fixed effects Coefficient ± s.e. d.f. t-value p-value  
Intercept (W) 0.125 ± 0.016 282 7.69 < 0.001  
Ta† (°C) -0.124 ± 0.018 207 -7.09 < 0.001  
Sex (males) -0.020 ± 0.010 132 -2.13 0.035  
Body mass (g) 0.004 ± 0.001 234 6.25 < 0.001  
Trial -0.013 ± 0.004 237 -3.26 0.001  
Ta† (°C) × mass (g) -0.003 ± 0.001 209 -5.71 < 0.001  
Respirometry chamber 2 0.014 ± 0.014 237 0.97 0.333  
Respirometry chamber 3 0.001 ± 0.014 224 0.10 0.924  
Respirometry chamber 4 0.021 ± 0.003 230 1.51 0.132  
Respirometry chamber 5 0.003 ± 0.014 244 0.20 0.841  
Respirometry chamber 6 0.028 ± 0.014 234 1.97 0.050  
Respirometry chamber 7 0.019 ± 0.014 231 1.33 0.184  
Respirometry chamber 8 0.032 ± 0.014 223 2.23 0.027  
Respirometry chamber 9 -0.030 ± 0.014 230 -2.17 0.031  
Respirometry chamber 10 0.009 ± 0.014 234 0.64 0.523  
Respirometry chamber 11 0.030 ± 0.014 212 2.19 0.030  
Respirometry chamber 12 0.034 ± 0.015 246 2.30 0.022  
Respirometry chamber 13 0.059 ± 0.015 225 4.02 < 0.001  
Respirometry chamber 14 0.052 ± 0.016 235 3.27 0.001  
Respirometry chamber 15 0.077 ± 0.015 227 5.07 < 0.001  
Respirometry chamber 16 0.063 ± 0.016 231 3.93 < 0.001  
N = 864 obs. of n = 97 individuals and n = 271 trial*ID. 
†Ta was coded so that 31 °C was the intercept (i.e. 0).  
R2marginal = 0.80; R2conditional = 0.96. 
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Figure S2.5 Partial effects and residuals from the reaction norm model fitted to estimate the effect 
of air temperature (°C) on resting metabolic rate (W), where the intercept (i.e. 0) corresponds with 
31 °C.  
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Table S2.2 Summary of best-fitting linear mixed effects model fitted to explain variation in resting 
metabolic rate (W) measured at 31 °C in response to starvation in Diversity Outbred laboratory mice. 
 
Random effects  Component SD Correlation (95% CI) Repeatability R (95% CI) 
Food †| Trial*ID 𝑉𝑡𝑟𝑖𝑎𝑙∗𝐼𝐷𝐼 0.0335 -0.64 (-1.00, -0.36) 𝑅𝑎𝑣𝑒𝑟𝑎𝑔𝑒𝐼  0.30 (0.13, 0.49) 
𝑉𝑡𝑟𝑖𝑎𝑙∗𝐼𝐷𝑆 0.0142  𝑅𝑎𝑣𝑒𝑟𝑎𝑔𝑒𝑆  0.63 (0.21, 0.95) 
Food† | Individual 𝑉𝑖𝑛𝑑𝐼  0.0222 -0.85 (-1.00, -0.54) 𝑅𝑙𝑜𝑛𝑔𝑡𝑒𝑟𝑚𝐼  0.20 (0.08, 0.33) 
𝑉𝑖𝑛𝑑𝑆  0.0187  𝑅𝑙𝑜𝑛𝑔𝑡𝑒𝑟𝑚𝑆  0.24 (0.09, 0.37) 
Residual 𝑉𝑒0  0.0301  𝑅𝑠ℎ𝑜𝑟𝑡𝑡𝑒𝑟𝑚𝐼  0.64 (0.59, 0.72) 
    𝑅𝑠ℎ𝑜𝑟𝑡𝑡𝑒𝑟𝑚𝑆  0.38 (0.26, 0.53) 
Fixed effects Coefficient ± s.e. d.f. t-value p-value  
Intercept (W) 0.093 ± 0.016 275 5.65 < 0.001  
Food† (°C) -0.034 ± 0.003 103 -11.45 < 0.001  
Sex (males) 0.019 ± 0.022 252 0.86 0.393  
Body mass (g) 0.005 ± 0.001 243 7.91 < 0.001  
Trial -0.011 ± 0.003 246 -3.37 0.001  
Day 0.005 ± 0.001 466 4.81 < 0.001  
Sex (males) × mass (g) -0.002 ± 0.001 252 -2.08 0.039  
Respirometry chamber 2 -0.002 ± 0.012 251 -0.13 0.895  
Respirometry chamber 3 -0.010 ± 0.012 243 -0.83 0.409  
Respirometry chamber 4 0.005 ± 0.012 247 0.41 0.684  
Respirometry chamber 5 -0.011 ± 0.012 252 -0.98 0.328  
Respirometry chamber 6 0.006 ± 0.012 249 0.48 0.632  
Respirometry chamber 7 0.000 ± 0.012 246 0.04 0.966  
Respirometry chamber 8 0.007 ± 0.012 245 0.56 0.577  
Respirometry chamber 9 -0.011 ± 0.012 247 -0.97 0.331  
Respirometry chamber 10 0.011 ± 0.012 249 0.92 0.356  
Respirometry chamber 11 0.027 ± 0.012 233 2.34 0.020  
Respirometry chamber 12 0.015 ± 0.012 252 1.26 0.208  
Respirometry chamber 13 0.037 ± 0.012 244 3.05 0.003  
Respirometry chamber 14 0.022 ± 0.013 249 1.67 0.097  
Respirometry chamber 15 0.045 ± 0.013 248 3.63 < 0.001  
Respirometry chamber 16 0.035 ± 0.013 250 2.65 0.008  
N = 973 obs. of n = 97 individuals and n = 271 trial*ID. 
†Food was coded so that food available was the intercept (i.e. 0).  
R2marginal = 0.39; R2conditional = 0.74. 
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Figure S2.6 Partial effects and residuals from the reaction norm model fitted to estimate the effect 
of starvation on resting metabolic rate (W) measured at 31 °C.  
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Table S2.3 Summary of best-fitting linear mixed effects model fitted to explain variation in resting 
metabolic rate (W) measured at 15 °C in response to starvation in Diversity Outbred laboratory mice. 
 
Random effects  Component SD Correlation (95% CI) Repeatability R (95% CI) 
Food †| Trial*ID 𝑉𝑡𝑟𝑖𝑎𝑙∗𝐼𝐷𝐼 0.0181 1.00 (-0.14, 1.00) 𝑅𝑎𝑣𝑒𝑟𝑎𝑔𝑒𝐼  0.74 (0.32, 0.91) 
𝑉𝑡𝑟𝑖𝑎𝑙∗𝐼𝐷𝑆 0.0349  𝑅𝑎𝑣𝑒𝑟𝑎𝑔𝑒𝑆  0.43 (0.04, 0.69) 
Food† | Individual 𝑉𝑖𝑛𝑑𝐼  0.0309 -0.53 (-0.97, -0.36) 𝑅𝑙𝑜𝑛𝑔𝑡𝑒𝑟𝑚𝐼  0.17 (0.07, 0.27) 
𝑉𝑖𝑛𝑑𝑆  0.0305  𝑅𝑙𝑜𝑛𝑔𝑡𝑒𝑟𝑚𝑆  0.15 (0.01, 0.28) 
Residual 𝑉𝑒0  0.0648  𝑅𝑠ℎ𝑜𝑟𝑡𝑡𝑒𝑟𝑚𝐼  0.23 (0.16, 0.37) 
    𝑅𝑠ℎ𝑜𝑟𝑡𝑡𝑒𝑟𝑚𝑆  0.34 (0.23, 0.51) 
Fixed effects Coefficient ± s.e. d.f. t-value p-value  
Intercept (W) 0.240 ± 0.021 345 11.61 < 0.001  
Food† (°C) -0.228 ± 0.021 220 -10.87 < 0.001  
Body mass (g) 0.006 ± 0.001 155 10.02 < 0.001  
Trial -0.017 ± 0.005 270 -3.82 < 0.001  
Day 0.017 ± 0.002 617 7.70 < 0.001  
Food† (no) × mass (g) 0.004 ± 0.001 226 5.11 < 0.001  
Respirometry chamber 2 0.003 ± 0.018 266 0.15 0.881  
Respirometry chamber 3 -0.008 ± 0.018 255 -0.43 0.669  
Respirometry chamber 4 0.014 ± 0.018 258 0.81 0.416  
Respirometry chamber 5 -0.013 ± 0.018 270 -0.69 0.489  
Respirometry chamber 6 0.009 ± 0.018 262 0.52 0.602  
Respirometry chamber 7 0.020 ± 0.018 261 1.13 0.261  
Respirometry chamber 8 0.038 ± 0.018 253 2.15 0.032  
Respirometry chamber 9 -0.040 ± 0.018 258 -2.26 0.024  
Respirometry chamber 10 -0.037 ± 0.018 264 -2.05 0.041  
Respirometry chamber 11 0.024 ± 0.018 242 1.39 0.166  
Respirometry chamber 12 0.032 ± 0.018 271 1.70 0.090  
Respirometry chamber 13 0.092 ± 0.019 254 4.94 < 0.001  
Respirometry chamber 14 0.073 ± 0.020 263 3.63 < 0.001  
Respirometry chamber 15 0.091 ± 0.019 251 4.78 < 0.001  
Respirometry chamber 16 0.081 ± 0.020 256 4.05 < 0.001  
N = 975 obs. of n = 97 individuals and n = 271 trial*ID. 
†Food was coded so that food available was the intercept (i.e. 0).  
R2marginal = 0.62; R2conditional = 0.76. 
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Figure S2.7 Partial effects and residuals from the reaction norm model fitted to estimate the effect 
of starvation on resting metabolic rate (W) measured at 15 °C.   
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Table S2.4 Results of best-fitting linear mixed effects model explaining variation in daily energy 
expenditure (kJ 24 h-1) in response to starvation in Diversity Outbred laboratory mice. 
 
Random effects  Component SD Correlation (95% CI) Repeatability R (95% CI) 
Food †| Trial*ID 𝑉𝑡𝑟𝑖𝑎𝑙∗𝐼𝐷𝐼 4.3123 -0.54 (-0.79, -0.23) 𝑅𝑎𝑣𝑒𝑟𝑎𝑔𝑒𝐼  0.32 (0.12, 0.48) 
𝑉𝑡𝑟𝑖𝑎𝑙∗𝐼𝐷𝑆 1.6624  𝑅𝑎𝑣𝑒𝑟𝑎𝑔𝑒𝑆  0.69 (0.36, 0.95) 
Food† | Individual 𝑉𝑖𝑛𝑑𝐼  2.9301 -0.60 (-0.85, -0.20) 𝑅𝑙𝑜𝑛𝑔𝑡𝑒𝑟𝑚𝐼  0.23 (0.10, 0.37) 
𝑉𝑖𝑛𝑑𝑆  2.4602  𝑅𝑙𝑜𝑛𝑔𝑡𝑒𝑟𝑚𝑆  0.33 (0.17, 0.47) 
Residual 𝑉𝑒0  3.0971  𝑅𝑠ℎ𝑜𝑟𝑡𝑡𝑒𝑟𝑚𝐼  0.74 (0.69, 0.80) 
    𝑅𝑠ℎ𝑜𝑟𝑡𝑡𝑒𝑟𝑚𝑆  0.48 (0.38, 0.62) 
Fixed effects Coefficient ± s.e. d.f. t-value p-value  
Intercept (kJ 24 h-1) 12.10 ± 2.450 353 4.94 < 0.001  
Food† (°C) 0.270 ± 1.414 306 0.19 0.849  
Body mass (g) 1.149 ± 0.096 293 12.00 < 0.001  
Sex (males) 7.154 ± 3.021 252 2.37 0.019  
Trial -1.298 ± 0.455 243 -2.85 0.005  
Day 0.398 ± 0.107 444 3.73 < 0.001  
Wheel (km) 1.332 ± 0.098 325 13.53 < 0.001  
Food† (no) × mass (g) -0.153 ± 0.040 271 -3.83 < 0.001  
Sex (males) × mass (g) -0.332 ± 0.099 243 -3.36 0.001  
Respirometry chamber 2 1.473 ± 1.554 244 0.95 0.344  
Respirometry chamber 3 0.662 ± 1.543 230 0.43 0.667  
Respirometry chamber 4 3.422 ± 1.537 237 2.23 0.027  
Respirometry chamber 5 -0.738 ± 1.568 248 -0.47 0.638  
Respirometry chamber 6 3.548 ± 1.563 240 2.27 0.024  
Respirometry chamber 7 3.179 ± 1.554 234 2.05 0.042  
Respirometry chamber 8 -2.644 ± 1.538 232 2.47 0.014  
Respirometry chamber 9 -2.644 ± 1.538 236 -1.72 0.087  
Respirometry chamber 10 -0.075 ± 1.572 240 -0.05 0.962  
Respirometry chamber 11 4.177 ± 1.528 218 2.73 0.007  
Respirometry chamber 12 4.954 ± 1.620 248 3.06 0.002  
Respirometry chamber 13 9.174 ± 1.625 233 5.64 < 0.001  
Respirometry chamber 14 8.703 ± 1.749 240 4.98 < 0.001  
Respirometry chamber 15 8.457 ± 1.666 236 5.09 < 0.001  
Respirometry chamber 16 7.517 ± 1.748 240 4.30 < 0.001  
N = 942 obs. of n = 97 individuals and n = 271 trial*ID. 
†Food was coded so that food available was the intercept (i.e. 0).  
R2marginal = 0.72; R2conditional = 0.92. 
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Figure S2.8 Partial effects and residuals from the reaction norm model fitted to estimate the effect 
of starvation on daily energy expenditure (kJ 24 h-1). 
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Table S2.5 Predicted individual differences in metabolic phenotypes. Predicted individual differences 
from the population mean intercept and slope were estimated from four separate linear mixed 
effects models fitted to explain resting metabolic rate (RMR) in response to a decrease in air 
temperature (Ta) from 31 to 15 °C, and RMR measured at either 31 °C or 15 °C, and daily energy 
expenditure (DEE) in response to starvation. Subset of individuals selected for organ morphology are 
highlighted in yellow (n = 43; Chapter 5). 
ID 
Intercept 
RMR- 
Ta 
Slope 
RMR- 
Ta 
Intercept 
RMR31-
Food 
Slope 
RMR31-
Food 
Intercept 
RMR15-
Food 
Slope 
RMR15-
Food 
Intercept 
DEE-
Food 
Slope 
DEE-
Food 
P001 0.023741 0.018303 0.013441 -0.010613 -0.004998 0.001571 0.204733 -0.795996 
P002 0.007286 0.022494 0.007028 -0.007668 -0.019992 0.032664 -1.758096 1.045277 
P003 -0.018095 -0.023359 -0.015340 0.009907 0.006803 -0.012514 -1.699143 0.834196 
P004 -0.003267 -0.008107 -0.006398 0.008610 -0.001421 0.006474 -0.787432 0.593856 
P005 -0.017032 -0.013392 -0.008101 -0.003979 -0.008118 -0.003275 -0.768440 -2.457804 
P006 0.014439 0.012263 0.013934 -0.010274 -0.003773 0.003598 0.075345 0.337128 
P007 -0.007884 -0.015220 -0.006805 0.009887 0.011588 -0.005933 1.542846 0.362004 
P008 0.011186 0.002355 0.012233 -0.011840 -0.006792 -0.000730 2.348888 -2.584229 
P009 -0.006621 -0.019325 -0.006604 0.003249 0.007830 -0.010102 1.662545 -1.472741 
P010 0.003410 -0.002960 0.006989 -0.005301 0.004945 -0.006457 -0.622990 1.242350 
P011 -0.008657 -0.006113 -0.011555 0.009987 -0.000772 0.010504 0.059942 -0.806750 
P012 -0.017387 -0.010722 -0.011511 0.004955 -0.004135 -0.011105 0.554083 -3.054069 
P013 -0.028788 -0.033430 -0.023499 0.010458 0.010393 -0.018336 -0.994960 -0.083757 
P016 -0.014013 0.005595 -0.013360 0.010406 -0.016278 0.010364 -0.906236 -0.500558 
P017 -0.009245 0.023317 -0.009466 0.008312 -0.030927 0.031020 -3.221774 3.470769 
P018 0.036047 0.008595 0.028838 -0.019588 0.027808 -0.044391 2.774363 -1.359139 
P019 0.015504 0.011050 0.019477 -0.015698 0.002032 -0.018752 1.140710 -0.488119 
P020 -0.002348 0.001594 -0.004129 0.010277 0.001134 0.002555 -1.519108 1.612804 
P021 -0.012412 0.014421 -0.016379 0.017843 -0.022135 0.008160 1.872477 -3.174037 
P022 -0.002050 0.010955 -0.008916 0.022067 -0.005360 0.017619 -1.502718 2.065411 
P023 0.024236 -0.010989 0.009182 -0.002012 0.044295 -0.002706 2.984445 0.335772 
P024 0.030494 0.013079 0.021683 -0.014420 0.026385 -0.027846 3.071491 -3.440643 
P025 0.006828 0.016023 0.005452 -0.004946 -0.013961 0.005995 0.093025 -0.017948 
P026 0.000162 -0.006611 0.002105 -0.006022 0.012648 -0.001092 -0.714631 -0.665063 
P027 -0.007286 -0.000880 -0.009247 0.005497 -0.006898 0.007925 -2.137187 0.793093 
P028 -0.028778 0.000220 -0.024161 0.016636 -0.024306 0.011242 -3.692259 1.416247 
P029 0.007942 -0.003849 -0.000132 0.003162 0.006169 0.004752 1.198000 -0.466319 
P030 0.009257 0.000290 0.006655 -0.004519 0.012160 -0.000941 -0.151560 -0.111508 
P031 0.028176 0.012983 0.025106 -0.018063 0.006456 0.000523 1.028119 0.432772 
P032 -0.027013 0.000184 -0.020527 0.015621 -0.028376 0.029494 -4.021816 2.755867 
P033 -0.000975 0.003210 0.004793 -0.010412 -0.013636 -0.011841 -1.066450 0.087399 
P034 0.023979 0.020656 0.026212 -0.020556 -0.007102 -0.015641 -0.256341 -0.457000 
P035 0.003778 0.009998 0.005629 -0.007425 -0.007938 -0.007915 -0.405309 -0.362936 
P036 0.008893 -0.016023 -0.002679 0.003850 0.033244 -0.004386 2.298621 0.459149 
P037 -0.009895 0.008511 -0.006347 0.005506 -0.009344 -0.000797 -0.993053 0.614838 
P038 -0.007143 -0.006964 -0.008795 0.005271 -0.000379 -0.002067 -2.268056 -0.137703 
P039 0.015867 -0.009946 0.014809 -0.013440 0.020717 0.006096 1.846976 1.569174 
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Table S2.5 cont. 
ID 
Intercept 
RMR- 
Ta 
Slope 
RMR- 
Ta 
Intercept 
RMR31-
Food 
Slope 
RMR31-
Food 
Intercept 
RMR15-
Food 
Slope 
RMR15-
Food 
Intercept 
DEE-
Food 
Slope 
DEE-
Food 
P040 0.021783 0.016211 0.021570 -0.021233 -0.005599 0.000838 -2.528294 1.048519 
P041 -0.012081 -0.015669 -0.008125 0.003035 0.017647 -0.028640 -0.099044 -0.008995 
P042 -0.035885 0.019345 -0.031158 0.020061 -0.048284 0.024878 -3.751946 0.969088 
P043 -0.004769 -0.015652 -0.009147 0.011040 0.011298 0.006809 2.456342 -0.470116 
P044 0.007483 0.001551 0.005972 -0.000944 0.011935 -0.018174 1.529465 -1.981016 
P045 -0.003373 0.004532 -0.003376 0.000505 -0.003478 0.004945 -2.395811 1.949847 
P046 0.001189 0.032411 0.003513 0.007165 -0.032627 0.016718 -0.323110 0.052255 
P047 -0.016482 -0.007546 -0.010416 0.000792 -0.010172 -0.034237 -0.191272 -3.776856 
P048 0.007401 -0.019628 0.009076 -0.010044 0.034357 -0.037515 2.949310 -1.780786 
P049 -0.026002 0.021378 -0.020642 0.016916 -0.040083 0.008555 -3.109975 0.423155 
P050 -0.005297 -0.006451 -0.004307 0.001135 0.011503 0.001317 1.970387 -1.524470 
P051 0.021688 -0.010702 0.003368 0.007193 0.040034 -0.013966 4.128619 -2.203547 
P052 0.025590 -0.014876 0.012877 -0.004173 0.046308 -0.021372 4.710351 -1.580845 
P053 -0.006643 -0.014003 -0.005527 0.000585 0.011951 -0.015860 -1.554876 2.680210 
P054 0.022836 -0.005680 0.009043 0.003547 0.034930 0.008811 3.422835 0.386529 
P055 0.001595 0.000611 0.003186 -0.006907 0.005841 -0.004096 2.320231 -3.812548 
P056 -0.006130 0.024700 -0.001619 0.008698 -0.024243 0.018545 1.064879 0.275355 
P057 0.021144 0.000624 0.016280 -0.010969 0.014580 -0.007307 0.949436 -0.475461 
P058 -0.012922 0.022249 -0.005123 0.001928 -0.029966 0.011624 -1.992994 0.909372 
P059 0.005098 0.012284 0.001774 -0.001646 -0.005777 0.030160 0.509426 -0.318701 
P060 -0.011000 -0.006393 -0.008458 0.003166 -0.004626 0.003877 1.818895 0.644057 
P061 0.016593 0.011735 0.008077 -0.000356 0.010774 0.018488 -1.067028 2.876012 
P063 -0.001362 0.000186 0.001677 -0.000811 -0.000577 -0.001721 -0.866106 1.416386 
P064 0.018323 -0.011555 0.012480 -0.004965 0.031947 -0.002684 3.178603 -1.602028 
P065 0.016461 0.027754 0.014903 -0.013152 -0.007695 -0.002340 0.624378 0.035340 
P066 0.016182 0.001060 0.015949 -0.014744 0.013795 -0.041695 1.846032 -1.988106 
P067 -0.016608 -0.010944 -0.010630 0.005335 0.007958 0.000307 -0.120401 1.545452 
P068 0.013261 -0.006001 0.005653 -0.006168 0.033258 0.017341 -0.068904 1.772571 
P069 0.001164 0.003727 0.000053 0.001117 -0.003777 0.025347 -1.111114 3.244876 
P070 -0.003868 0.000521 -0.008773 0.005527 -0.003774 0.002824 -0.842393 1.765599 
P071 -0.000720 -0.012310 -0.002822 -0.003760 0.011700 -0.016652 0.242534 -1.034647 
P072 0.013737 0.013225 0.013212 -0.008461 -0.007793 -0.006403 -0.152756 -1.085256 
P073 -0.008500 0.015302 -0.015883 0.021905 -0.013417 0.017562 -1.790956 2.222875 
P074 0.013539 -0.001516 0.013627 -0.005058 0.013378 -0.011985 3.107153 -4.310825 
P075 -0.021784 -0.006225 -0.012120 0.007606 -0.010444 0.012544 -0.968681 1.260837 
P076 -0.028002 -0.025468 -0.021418 0.013824 0.005536 0.018755 -0.013636 -1.146108 
P078 -0.042908 -0.018213 -0.031052 0.027797 -0.020952 0.014966 -4.269693 3.190260 
P079 -0.006503 -0.001682 0.001846 -0.004049 -0.008003 -0.002558 0.081686 -0.891175 
P080 -0.016571 0.002636 -0.011275 0.010121 -0.028891 0.013716 -1.331708 -1.331774 
P081 0.000308 0.024260 0.010464 -0.012281 -0.037320 -0.004176 0.023692 -2.110575 
P082 -0.008622 -0.012762 -0.004979 0.001746 0.004941 -0.011500 1.384193 -0.803418 
P083 -0.023825 -0.016554 -0.017372 0.009368 -0.002590 -0.006099 0.047291 -2.320135 
P084 -0.000105 0.012646 0.003715 -0.004025 -0.010431 0.004195 0.677720 0.451449 
P085 -0.006876 0.007197 0.001899 -0.003450 -0.016497 0.005761 -0.782854 2.211765 
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Table S2.5 cont. 
ID 
Intercept 
RMR- 
Ta 
Slope 
RMR- 
Ta 
Intercept 
RMR31-
Food 
Slope 
RMR31-
Food 
Intercept 
RMR15-
Food 
Slope 
RMR15-
Food 
Intercept 
DEE-
Food 
Slope 
DEE-
Food 
P086 0.030064 -0.015484 0.020589 -0.017566 0.030328 -0.019840 0.920987 -1.113470 
P087 -0.017781 -0.007417 -0.011349 0.005758 -0.007591 0.014581 -2.472751 2.039145 
P088 -0.016306 -0.006029 -0.008526 0.002715 -0.001928 0.001269 -0.801349 0.699631 
P089 -0.008884 0.004582 -0.005465 0.008553 -0.018643 0.018698 0.671307 4.166759 
P090 0.008033 0.005542 0.004117 0.004048 -0.008781 -0.004495 2.970958 -1.472354 
P091 -0.009110 0.007451 -0.008675 0.007055 -0.024710 0.009003 -1.107828 0.192921 
P092 0.013774 0.014830 0.016367 -0.015394 -0.014039 -0.001322 -0.253772 -0.829733 
P093 -0.009720 -0.004686 -0.008554 0.010930 -0.013729 0.005678 1.081268 -0.002570 
P094 0.026810 -0.033460 0.024953 -0.021912 0.045734 -0.035727 3.055986 -3.680791 
P096 -0.006786 0.004904 -0.011533 0.015847 -0.019681 0.015056 -1.820485 1.965700 
P097 0.031193 0.026257 0.026287 -0.015551 -0.003702 0.013415 -1.068174 2.532409 
P098 -0.017416 -0.008818 -0.016717 0.008953 -0.013854 0.019990 -2.377955 1.778276 
P100 -0.001628 -0.025605 -0.000357 -0.003339 0.018572 -0.010911 0.004865 -0.423968 
 
Table S2.6 Short-term (3-4 days), long-term (~ one year) and average repeatability estimates. 
Repeatability (± 95 % CI) was calculated from variance components for the intercept and slope of 
four different reaction norms estimated from linear mixed effects models fitted to explain: resting 
metabolic rate (RMR) to a decrease in air temperature (Ta) from 31 to 15 °C (RMR-Ta), and RMR at 31 
or 15°C, or daily energy expenditure (DEE) to starvation (RMR31-, RMR15-, and DEE-Food, 
respectively) in Diversity Outbred laboratory mice (n = 96). 
 
Reaction norm Component 
𝑹𝒔𝒉𝒐𝒓𝒕𝒕𝒆𝒓𝒎 
(95% CI) 
𝑹𝒍𝒐𝒏𝒈𝒕𝒆𝒓𝒎 
(95% CI) 
𝑹𝒂𝒗𝒆𝒓𝒂𝒈𝒆 
(95% CI) 
RMR-Ta Intercept 0.69 (0.63 – 0.77) 0.25 (0.11 – 0.38) 0.36 (0.18 – 0.53) 
 Slope 0.83 (0.80 – 0.87) 0.16 (0.02 – 0.30) 0.19 (0.02 – 0.35) 
RMR31-Food Intercept 0.64 (0.59 – 0.72) 0.20 (0.08 – 0.33) 0.30 (0.13 – 0.49) 
 Slope 0.38 (0.26 – 0.53) 0.24 (0.09 – 0.37) 0.63 (0.21 – 0.95) 
RMR15-Food Intercept 0.23 (0.16 – 0.37) 0.17 (0.07 – 0.27) 0.74 (0.32 – 0.91) 
 Slope 0.34 (0.23 – 0.51) 0.15 (0.01 – 0.28) 0.43 (0.04 – 0.69) 
DEE-Food Intercept 0.74 (0.69 – 0.80) 0.23 (0.10 – 0.37) 0.32 (0.12 – 0.48) 
 Slope 0.48 (0.38 – 0.62) 0.33 (0.17 – 0.47) 0.69 (0.36 – 0.95) 
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SUPPLEMENTARY MATERIAL: CHAPTER 3 
Table S3.1 Summary of linear mixed effects model fitted to explain variation in the proportion of 
time spent around the periphery of the arena during an open-field test (exponentially transformed) 
in Diversity Outbred laboratory mice. Significant effects are shown in bold. 
Random effects  Variance SD 
Repeatability  
(95% CI) 
Individual: 𝑉𝑖𝑛𝑑𝐼  0.02958 0.1720 0.62 (0.51 – 0.73) 
Residual: 𝑉𝑒0  0.01837 0.1355  
Fixed effects β ± SE df t-value p-value 
Intercept 2.5152 ± 0.2847 241 8.84  < 0.0001 
log10 body mass (g) -0.3824 ± 0.2221 242 -1.72 0.0864 
Sex (male) 0.0461 ± 0.0526 135 0.88 0.3818 
Age (days) 0.0004 ± 0.0002 235 1.97 0.0499 
Trial no. 0.0493 ± 0.0250 184 1.97 0.0503 
N = 248 obs. of n = 96 mice. 
 
 
Figure S3.1 Partial effects and residuals from the linear mixed effects model fitted to estimate 
variation in the proportion of time spent around the periphery of the arena during an open-field test 
(exponentially transformed). 
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Table S3.2 Summary of linear mixed effects model fitted to explain variation in velocity (cm sec-1; 
cube root-transformed) during an open-field test in Diversity Outbred laboratory mice. Significant 
effects are shown in bold. 
Random effects  Variance SD 
Repeatability  
(95% CI) 
Individual: 𝑉𝑖𝑛𝑑𝐼  0.03251 0.1803 0.68 (0.57 – 0.77) 
Residual: 𝑉𝑒0  0.01563 0.1250  
Fixed effects β ± SE df t-value p-value 
Intercept 2.7111 ± 0.2737 243 9.91 < 0.0001 
log10 body mass (g) -0.4553 ± 0.2134 243 -2.13 0.0339 
Sex (male) 0.1348 ± 0.0527 138 2.56 0.0117 
Age (days) 0.0005 ± 0.0002 229 2.44 0.0156 
Trial no. -0.1128 ± 0.0233 180 -4.84 < 0.0001 
N = 248 obs. of n = 96 mice. 
 
 
Figure S3.2 Partial effects and residuals from the linear mixed effects model fitted to estimate 
variation velocity (cm sec-1; cube root-transformed) measured during an open-field test. 
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Table S3.3 Summary of linear mixed effects model fitted to explain variation in the number of zone 
crosses during an open-field test (square root-transformed) in Diversity Outbred laboratory mice. 
Significant effects are shown in bold. 
Random effects  Variance SD 
Repeatability  
(95% CI) 
Individual: 𝑉𝑖𝑛𝑑𝐼  0.9704 0.9851 0.58 (0.46 – 0.70) 
Residual: 𝑉𝑒0  0.7157 0.8460  
Fixed effects β ± SE df t-value p-value 
Intercept 5.9768 ± 1.7255 238 3.46 0.0006 
log10 body mass (g) -1.0405 ± 1.3465 238 -.077 0.4404 
Sex (male) 0.2960 ± 0.3109 136 0.95 0.3427 
Age (days) 0.0015 ± 0.0013  239 1.13 0.2600 
Trial no. -0.5978 ± 0.1548 189 -3.86 0.0002 
N = obs. 248 of n = 96 mice. 
 
 
 
Figure S3.3 Partial effects and residuals from the linear mixed effects model fitted to estimate 
variation the number of zone crosses measured during an open-field test (square root-transformed). 
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Table S3.4 Summary of linear mixed effects model fitted to explain variation in the number of faecal 
boli produced during an open-field test (square root-transformed) in Diversity Outbred laboratory 
mice. Significant effects are shown in bold. 
Random effects  Variance SD 
Repeatability  
(95% CI) 
Individual: 𝑉𝑖𝑛𝑑𝐼  0.05859 0.2420 0.16 (0.01 – 0.34) 
Residual: 𝑉𝑒0  0.30674 0.5538  
Fixed effects β ± SE df t-value p-value 
Intercept -0.0762 ± 0.8239 169 -0.09 0.9264 
log10 body mass (g) 0.9817 ± 0.6432 168 1.53 0.1288 
Sex (male) 0.0895 ± 0.1285 114 0.70 0.4879 
Age (days) -0.0017 ± 0.0007  230 -2.50 0.0133 
Trial no. 0.1551 ± 0.0919 226 1.69 0.0929 
N = 248 obs. of n = 96 mice. 
 
 
Figure S3.4 Partial effects and residuals from the linear mixed effects model fitted to estimate 
variation the number faecal boli produced during an open-field test (square root-transformed). 
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Table S3.5 Predicted individual differences in metabolic and behavioural phenotypes. Predicted individual differences from the population mean intercept 
and slope were estimated from four separate linear mixed effects models fitted to explain resting metabolic rate (RMR) in response to a decrease in air 
temperature (Ta) from 31 to 15 °C, and RMR measured at either 31 °C or 15 °C, and daily energy expenditure (DEE) in response to 24-h starvation. Predicted 
individual differences in behaviour were estimated from three linear mixed effects models fitted to explain variation in behaviour measured during open-field 
tests including: the proportion of time spent around the periphery of the arena, velocity and number of zone crosses. Individual scores on the first principal 
component (PC1) were determined from a principal component analysis between behaviour in mice (n = 93).  
 
ID 
  
Slope 
RMR- 
Ta 
Intercept 
RMR31-
Food 
Slope 
RMR31- 
Food 
Intercept 
RMR15-
Food 
Slope 
RMR15-
Food 
Intercept 
DEE-
Food 
Slope 
DEE-
Food 
% time 
Periphery  
Velocity  
Zone 
Crosses  
PC1 
rank  
P001 0.01830 0.01344 -0.01061 -0.00500 0.00157 0.20473 -0.79600 -0.28973 -0.13153 0.83318 -1.26559 
P002 0.02249 0.00703 -0.00767 -0.01999 0.03266 -1.75810 1.04528 0.20227 -0.27631 -1.40420 2.73066 
P003 -0.02336 -0.01534 0.00991 0.00680 -0.01251 -1.69914 0.83420 -0.23813 0.09940 0.70969 -1.75864 
P004 -0.00811 -0.00640 0.00861 -0.00142 0.00647 -0.78743 0.59386 -0.10201 0.14341 0.77217 -1.44899 
P005 -0.01339 -0.00810 -0.00398 -0.00812 -0.00328 -0.76844 -2.45780 0.08659 -0.28246 -1.34066 2.27449 
P006 0.01226 0.01393 -0.01027 -0.00377 0.00360 0.07534 0.33713 0.15888 -0.23905 -1.20125 2.29153 
P007 -0.01522 -0.00681 0.00989 0.01159 -0.00593 1.54285 0.36200 -0.01847 -0.08435 -0.12398 0.30212 
P008 0.00236 0.01223 -0.01184 -0.00679 -0.00073 2.34889 -2.58423 -0.02418 -0.01567 -0.02708 -0.02322 
P009 -0.01933 -0.00660 0.00325 0.00783 -0.01010 1.66255 -1.47274 -0.14831 0.25675 1.23077 -2.34747 
P010 -0.00296 0.00699 -0.00530 0.00494 -0.00646 -0.62299 1.24235 -0.07897 -0.06165 0.39120 -0.38649 
P011 -0.00611 -0.01156 0.00999 -0.00077 0.01050 0.05994 -0.80675 -0.27014 0.13283 1.30336 -2.43678 
P012 -0.01072 -0.01151 0.00496 -0.00414 -0.01110 0.55408 -3.05407 0.21587 -0.13340 -1.28939 2.21356 
P013 -0.03343 -0.02350 0.01046 0.01039 -0.01834 -0.99496 -0.08376 0.12328 0.01738 -0.64144 0.87490 
P016 0.00559 -0.01336 0.01041 -0.01628 0.01036 -0.90624 -0.50056 -0.20874 0.28755 1.78595 -3.09319 
P017 0.02332 -0.00947 0.00831 -0.03093 0.03102 -3.22177 3.47077 0.07345 0.04093 -0.61271 0.58919 
P018 0.00860 0.02884 -0.01959 0.02781 -0.04439 2.77436 -1.35914 0.12550 0.18189 -0.95745 0.56720 
P019 0.01105 0.01948 -0.01570 0.00203 -0.01875 1.14071 -0.48812 0.05265 0.26140 0.51832 -1.08152 
P020 0.00159 -0.00413 0.01028 0.00113 0.00256 -1.51911 1.61280 -0.00599 0.05040 0.27099 -0.40251 
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Table S3.5 cont. 
ID 
 
Slope 
RMR- 
Ta 
Intercept 
RMR31-
Food 
Slope 
RMR31- 
Food 
Intercept 
RMR15-
Food 
Slope 
RMR15-
Food 
Intercept 
DEE-
Food 
Slope 
DEE-
Food 
% time 
Periphery 
Velocity 
Zone 
Crosses 
PC1 
rank 
P021 0.01442 -0.01638 0.01784 -0.02213 0.00816 1.87248 -3.17404 0.12231 -0.10321 -1.15829 1.66631 
P022 0.01096 -0.00892 0.02207 -0.00536 0.01762 -1.50272 2.06541 -0.11523 -0.03197 0.40208 -0.62907 
P023 -0.01099 0.00918 -0.00201 0.04429 -0.00271 2.98444 0.33577 -0.15087 0.00398 0.42704 -0.90104 
P024 0.01308 0.02168 -0.01442 0.02638 -0.02785 3.07149 -3.44064 -0.05078 0.20352 1.32975 -1.88108 
P025 0.01602 0.00545 -0.00495 -0.01396 0.00599 0.09302 -0.01795 -0.07493 0.16770 0.82205 -1.46789 
P026 -0.00661 0.00211 -0.00602 0.01265 -0.00109 -0.71463 -0.66506 0.16311 -0.12892 -0.91504 1.72107 
P028 0.00022 -0.02416 0.01664 -0.02431 0.01124 -3.69226 1.41625 0.06075 -0.14936 -0.67920 1.23270 
P029 -0.00385 -0.00013 0.00316 0.00617 0.00475 1.19800 -0.46632 0.32036 -0.12759 -1.91973 3.05603 
P030 0.00029 0.00665 -0.00452 0.01216 -0.00094 -0.15156 -0.11151 0.10639 -0.00296 -0.16495 0.52204 
P031 0.01298 0.02511 -0.01806 0.00646 0.00052 1.02812 0.43277 0.12304 0.08406 0.09702 0.09365 
P032 0.00018 -0.02053 0.01562 -0.02838 0.02949 -4.02182 2.75587 0.07281 -0.11643 0.16518 0.53098 
P033 0.00321 0.00479 -0.01041 -0.01364 -0.01184 -1.06645 0.08740 0.04656 -0.14567 -0.92365 1.35167 
P034 0.02066 0.02621 -0.02056 -0.00710 -0.01564 -0.25634 -0.45700 -0.08002 0.32006 0.85387 -2.02362 
P035 0.01000 0.00563 -0.00743 -0.00794 -0.00791 -0.40531 -0.36294 0.08282 -0.02974 -0.38668 0.69168 
P036 -0.01602 -0.00268 0.00385 0.03324 -0.00439 2.29862 0.45915 0.18461 0.00488 -0.56976 1.09043 
P037 0.00851 -0.00635 0.00551 -0.00934 -0.00080 -0.99305 0.61484 0.08071 0.01268 -0.48937 0.61836 
P038 -0.00696 -0.00880 0.00527 -0.00038 -0.00207 -2.26806 -0.13770 0.12446 0.10526 0.24165 -0.08134 
P039 -0.00995 0.01481 -0.01344 0.02072 0.00610 1.84698 1.56917 0.07734 0.16090 0.72170 -0.80476 
P040 0.01621 0.02157 -0.02123 -0.00560 0.00084 -2.52829 1.04852 -0.14167 -0.31109 -0.85895 1.16174 
P041 -0.01567 -0.00812 0.00304 0.01765 -0.02864 -0.09904 -0.00899 -0.01636 0.19168 -0.07277 -0.65782 
P042 0.01934 -0.03116 0.02006 -0.04828 0.02488 -3.75195 0.96909 0.07988 0.08052 -0.14626 0.12864 
P043 -0.01565 -0.00915 0.01104 0.01130 0.00681 2.45634 -0.47012 0.00336 0.08469 0.02977 -0.30172 
P044 0.00155 0.00597 -0.00094 0.01194 -0.01817 1.52946 -1.98102 0.09534 0.10271 0.93719 -0.70432 
P045 0.00453 -0.00338 0.00051 -0.00348 0.00494 -2.39581 1.94985 -0.06896 0.16227 0.72162 -1.35186 
P046 0.03241 0.00351 0.00716 -0.03263 0.01672 -0.32311 0.05226 -0.05322 0.15672 0.67949 -1.24312 
P047 -0.00755 -0.01042 0.00079 -0.01017 -0.03424 -0.19127 -3.77686 -0.17169 0.00645 0.36648 -0.94100 
P048 -0.01963 0.00908 -0.01004 0.03436 -0.03751 2.94931 -1.78079 -0.00791 0.13222 0.83960 -1.11311 
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Table S3.5 cont. 
ID 
 
Slope 
RMR- 
Ta 
Intercept 
RMR31-
Food 
Slope 
RMR31- 
Food 
Intercept 
RMR15-
Food 
Slope 
RMR15-
Food 
Intercept 
DEE-
Food 
Slope 
DEE-
Food 
% time 
Periphery 
Velocity 
Zone 
Crosses 
PC1 
rank 
P049 0.02138 -0.02064 0.01692 -0.04008 0.00856 -3.10998 0.42316 0.25553 -0.04474 -1.42655 2.16545 
P050 -0.00645 -0.00431 0.00113 0.01150 0.00132 1.97039 -1.52447 0.12915 0.00462 -0.36641 0.73256 
P051 -0.01070 0.00337 0.00719 0.04003 -0.01397 4.12862 -2.20355 -0.04448 0.02185 -0.05060 -0.20707 
P052 -0.01488 0.01288 -0.00417 0.04631 -0.02137 4.71035 -1.58084 -0.10969 0.02845 0.73871 -1.06532 
P053 -0.01400 -0.00553 0.00058 0.01195 -0.01586 -1.55488 2.68021 -0.17688 -0.01906 0.87530 -1.25739 
P054 -0.00568 0.00904 0.00355 0.03493 0.00881 3.42284 0.38653 0.07569 0.07425 0.61607 -0.43966 
P055 0.00061 0.00319 -0.00691 0.00584 -0.00410 2.32023 -3.81255 -0.07187 -0.11150 0.74927 -0.46187 
P056 0.02470 -0.00162 0.00870 -0.02424 0.01854 1.06488 0.27536 0.09032 -0.23223 -0.04121 1.14112 
P057 0.00062 0.01628 -0.01097 0.01458 -0.00731 0.94944 -0.47546 0.12138 0.00020 -0.70014 0.96984 
P058 0.02225 -0.00512 0.00193 -0.02997 0.01162 -1.99299 0.90937 -0.00852 -0.04391 -0.14266 0.21696 
P059 0.01228 0.00177 -0.00165 -0.00578 0.03016 0.50943 -0.31870 -0.00874 0.29502 0.77689 -1.61703 
P060 -0.00639 -0.00846 0.00317 -0.00463 0.00388 1.81890 0.64406 0.00220 -0.00371 -0.15212 0.12851 
P061 0.01173 0.00808 -0.00036 0.01077 0.01849 -1.06703 2.87601 -0.05425 0.38491 1.27988 -2.46702 
P063 0.00019 0.00168 -0.00081 -0.00058 -0.00172 -0.86611 1.41639 0.05843 -0.05590 0.36294 0.12502 
P064 -0.01156 0.01248 -0.00497 0.03195 -0.00268 3.17860 -1.60203 -0.10701 0.07511 0.72373 -1.20116 
P065 0.02775 0.01490 -0.01315 -0.00769 -0.00234 0.62438 0.03534 -0.00121 0.16679 0.32955 -0.82069 
P066 0.00106 0.01595 -0.01474 0.01379 -0.04169 1.84603 -1.98811 -0.36008 0.02858 1.21204 -2.35066 
P067 -0.01094 -0.01063 0.00533 0.00796 0.00031 -0.12040 1.54545 0.00785 0.00267 -0.49801 0.38832 
P068 -0.00600 0.00565 -0.00617 0.03326 0.01734 -0.06890 1.77257 0.00709 0.12727 0.41332 -0.71996 
P069 0.00373 0.00005 0.00112 -0.00378 0.02535 -1.11111 3.24488 0.10289 0.03932 0.23011 0.06931 
P070 0.00052 -0.00877 0.00553 -0.00377 0.00282 -0.84239 1.76560 0.27829 -0.35365 -1.74372 3.52852 
P071 -0.01231 -0.00282 -0.00376 0.01170 -0.01665 0.24253 -1.03465 0.04755 -0.08699 -0.79592 1.06166 
P072 0.01322 0.01321 -0.00846 -0.00779 -0.00640 -0.15276 -1.08526 -0.13910 -0.14421 -0.40207 0.26560 
P073 0.01530 -0.01588 0.02190 -0.01342 0.01756 -1.79096 2.22288 0.36464 -0.35647 -1.39402 3.59502 
P074 -0.00152 0.01363 -0.00506 0.01338 -0.01198 3.10715 -4.31082 0.07159 -0.42700 -2.07067 3.25494 
P075 -0.00622 -0.01212 0.00761 -0.01044 0.01254 -0.96868 1.26084 -0.18392 -0.04064 0.29310 -0.77257 
P076 -0.02547 -0.02142 0.01382 0.00554 0.01875 -0.01364 -1.14611 -0.14318 -0.04513 0.31581 -0.62346 
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Table S3.5 cont. 
ID 
 
Slope 
RMR- 
Ta 
Intercept 
RMR31-
Food 
Slope 
RMR31- 
Food 
Intercept 
RMR15-
Food 
Slope 
RMR15-
Food 
Intercept 
DEE-
Food 
Slope 
DEE-
Food 
% time 
Periphery 
Velocity 
Zone 
Crosses 
PC1 
rank 
P078 -0.01821 -0.03105 0.02780 -0.02095 0.01497 -4.26969 3.19026 -0.28942 -0.06626 0.09848 -0.93108 
P079 -0.00168 0.00185 -0.00405 -0.00800 -0.00256 0.08169 -0.89118 -0.11051 -0.16447 -0.16577 0.26194 
P080 0.00264 -0.01127 0.01012 -0.02889 0.01372 -1.33171 -1.33177 -0.03483 -0.10999 -0.43179 0.55943 
P081 0.02426 0.01046 -0.01228 -0.03732 -0.00418 0.02369 -2.11057 -0.12193 0.26577 0.66280 -1.85249 
P082 -0.01276 -0.00498 0.00175 0.00494 -0.01150 1.38419 -0.80342 0.02359 -0.02067 0.31281 -0.08507 
P083 -0.01655 -0.01737 0.00937 -0.00259 -0.00610 0.04729 -2.32014 0.36945 -0.32085 -2.41270 4.25977 
P084 0.01265 0.00372 -0.00403 -0.01043 0.00419 0.67772 0.45145 -0.20901 0.17408 1.27884 -2.33046 
P085 0.00720 0.00190 -0.00345 -0.01650 0.00576 -0.78285 2.21176 0.06703 0.11971 -0.63205 0.31472 
P086 -0.01548 0.02059 -0.01757 0.03033 -0.01984 0.92099 -1.11347 0.15658 0.03943 -0.31950 0.68181 
P087 -0.00742 -0.01135 0.00576 -0.00759 0.01458 -2.47275 2.03915 0.00078 -0.24789 -1.23633 1.76138 
P088 -0.00603 -0.00853 0.00271 -0.00193 0.00127 -0.80135 0.69963 0.09653 0.02967 0.29356 0.03049 
P089 0.00458 -0.00547 0.00855 -0.01864 0.01870 0.67131 4.16676 0.14810 0.11432 0.16198 0.03584 
P090 0.00554 0.00412 0.00405 -0.00878 -0.00450 2.97096 -1.47235 0.07120 -0.14425 -0.07943 0.80277 
P091 0.00745 -0.00867 0.00705 -0.02471 0.00900 -1.10783 0.19292 -0.12233 -0.04778 0.70578 -0.83078 
P092 0.01483 0.01637 -0.01539 -0.01404 -0.00132 -0.25377 -0.82973 -0.04357 0.19323 1.03831 -1.60032 
P093 -0.00469 -0.00855 0.01093 -0.01373 0.00568 1.08127 -0.00257 -0.05090 0.05333 -0.11135 -0.29115 
P094 -0.03346 0.02495 -0.02191 0.04573 -0.03573 3.05599 -3.68079 0.15563 -0.08359 -0.87049 1.50718 
P096 0.00490 -0.01153 0.01585 -0.01968 0.01506 -1.82049 1.96570 -0.12681 -0.10813 0.30289 -0.34093 
P097 0.02626 0.02629 -0.01555 -0.00370 0.01342 -1.06817 2.53241 -0.01328 0.01846 -0.22620 0.05220 
P098 -0.00882 -0.01672 0.00895 -0.01385 0.01999 -2.37795 1.77828 0.14585 -0.14340 -0.20596 1.17203 
P100 -0.02561 -0.00036 -0.00334 0.01857 -0.01091 0.00486 -0.42397 -0.24897 0.00073 0.76131 -1.50555 
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SUPPLEMENTARY MATERIAL: CHAPTER 4 
Table S4.1 Summary of fixed effects and random effects from the best-fitting linear mixed effects 
model fitted to explain variation in resting metabolic rate in response to a decrease in air 
temperature (Ta) from 31 to 15 °C in Diversity Outbred laboratory mice. 
 
Random effects  Component Variance SD   
Ta †| Trial*ID 𝑉𝑡𝑟𝑖𝑎𝑙∗𝐼𝐷𝐼 0.00135 0.03680   
𝑉𝑡𝑟𝑖𝑎𝑙∗𝐼𝐷𝑆 0.00338 0.05816   
Ta† | Individual 𝑉𝑖𝑛𝑑𝐼  0.00039 0.01974   
𝑉𝑖𝑛𝑑𝑆  0.00079 0.02811   
Residual 𝑉𝑒0  0.00077 0.02766   
      
Fixed effects Coefficient ± s.e. d.f. t-value p-value  
Intercept (W) 0.126 ± 0.017 224 7.39 < 0.001  
Ta† (°C) -0.127 ± 0.020 161 -6.47 < 0.001  
Sex (males) -0.021 ± 0.010 170 6.23 < 0.001  
Body mass (g) 0.004 ± 0.001 104 -2.17 0.032  
Trial -0.015 ± 0.004 194 -3.44 0.001  
Ta† (°C) × mass (g) -0.003 ± 0.001 165 -5.11 < 0.001  
Respirometry chamber 2 0.009 ± 0.015  198 0.61 0.541  
Respirometry chamber 3 -0.001 ± 0.015 186 -0.09 0.930  
Respirometry chamber 4 0.018 ± 0.015 189 1.24 0.216  
Respirometry chamber 5 -0.004 ± 0.015 202 -0.26 0.793  
Respirometry chamber 6 0.030 ± 0.015 198 1.97 0.050  
Respirometry chamber 7 0.026 ± 0.015 194 1.78 0.077  
Respirometry chamber 8 0.037 ± 0.015 190 2.39 0.018  
Respirometry chamber 9 -0.037 ± 0.015 192 -2.48 0.014  
Respirometry chamber 10 0.004 ± 0.016 193 0.25 0.805  
Respirometry chamber 11 0.028 ± 0.015 178 1.92 0.056  
Respirometry chamber 12 0.025 ± 0.016 196 1.58 0.117  
Respirometry chamber 13 0.069 ± 0.016 190 4.20 < 0.001  
Respirometry chamber 14 0.051 ± 0.018 194 2.92 0.004  
Respirometry chamber 15 0.077 ± 0.018 196 4.38 < 0.001  
Respirometry chamber 16 0.064 ± 0.017 198 3.76 < 0.001  
N = 704 obs. of n = 77 individuals and n = 221 trial*ID. 
†Ta was coded so that 31 °C was the intercept (i.e. 0).  
R2marginal = 0.81; R2conditional = 0.96. 
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Figure S4.1 Partial effects and residuals from the reaction norm model fitted to estimate the effect 
of air temperature (°C) on resting metabolic rate (W), where the intercept (i.e. 0) corresponds with 
31 °C. 
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Table S4.2 Summary of fixed effects and random effects from the best-fitting linear mixed effects 
model fitted to explain variation in resting metabolic rate measured at 31 °C in response starvation 
in Diversity Outbred laboratory mice. 
 
Random effects  Component Variance SD   
Food †| Trial*ID 𝑉𝑡𝑟𝑖𝑎𝑙∗𝐼𝐷𝐼 0.00127 0.03571   
𝑉𝑡𝑟𝑖𝑎𝑙∗𝐼𝐷𝑆 0.00023 0.01520   
Food† | Individual 𝑉𝑖𝑛𝑑𝐼  0.00026 0.01624   
𝑉𝑖𝑛𝑑𝑆  0.00013 0.01125   
Residual 𝑉𝑒0  0.00094 0.03059   
      
Fixed effects Coefficient ± s.e. d.f. t-value p-value  
Intercept (W) 0.093 ± 0.019 216 4.99 < 0.001  
Food† (°C) -0.031 ± 0.003 82 -10.94 < 0.001  
Sex (males) 0.015 ± 0.024 200 0.60 0.549  
Body mass (g) 0.005 ± 0.001 196 7.10 < 0.001  
Trial -0.014 ± 0.004 197 -3.52 0.001  
Day 0.005 ± 0.001 374 4.49 < 0.001  
Sex (males) × mass (g) -0.001 ± 0.001 202 -1.72 0.086  
Respirometry chamber 2 -0.002 ± 0.013 201 -0.19 0.849  
Respirometry chamber 3 -0.012 ± 0.013 195 -0.92 0.358  
Respirometry chamber 4 0.000 ± 0.013 198 0.00 0.998  
Respirometry chamber 5 -0.017 ± 0.012 201 -1.38 0.168  
Respirometry chamber 6 0.003 ± 0.013 201 0.24 0.813  
Respirometry chamber 7 0.004 ± 0.013 198 0.31 0.754  
Respirometry chamber 8 0.002 ± 0.013 198 0.17 0.866  
Respirometry chamber 9 -0.019 ± 0.013 199 -1.53 0.129  
Respirometry chamber 10 0.013 ± 0.013 199 0.94 0.348  
Respirometry chamber 11 0.027 ± 0.013 187 2.10 0.037  
Respirometry chamber 12 0.008 ± 0.013 201 0.56 0.573  
Respirometry chamber 13 0.045 ± 0.014 197 3.21 0.002  
Respirometry chamber 14 0.021 ± 0.015 200 1.44 0.153  
Respirometry chamber 15 0.036 ± 0.015 201 2.43 0.016  
Respirometry chamber 16 0.033 ± 0.014 202 2.28 0.024  
N = 793 obs. of n = 77 individuals and n = 221 trial*ID. 
†Food was coded so that food available was the intercept (i.e. 0).  
R2marginal = 0.40; R2conditional = 0.73. 
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Figure S4.2 Partial effects and residuals from the reaction norm model fitted to estimate the effect 
of starvation on resting metabolic rate (W) measured at 31 °C, where the intercept (i.e. 0) 
corresponds with food available. 
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Table S4.3 Summary of fixed effects and random effects from the best-fitting linear mixed effects 
model fitted to explain variation in resting metabolic rate measured at 15 °C in response starvation 
in Diversity Outbred laboratory mice. 
 
Random effects  Component Variance SD   
Food †| Trial*ID 𝑉𝑡𝑟𝑖𝑎𝑙∗𝐼𝐷𝐼 0.00041 0.02026   
𝑉𝑡𝑟𝑖𝑎𝑙∗𝐼𝐷𝑆 0.00074 0.02725   
Food† | Individual 𝑉𝑖𝑛𝑑𝐼  0.00091 0.03013   
𝑉𝑖𝑛𝑑𝑆  0.00081 0.02843   
Residual 𝑉𝑒0  0.00396 0.06293   
      
Fixed effects Coefficient ± s.e. d.f. t-value p-value  
Intercept (W) 0.235 ± 0.022 258 10.83 < 0.001  
Food† (°C) -0.218 ± 0.021 168 -10.20 < 0.001  
Body mass (g) 0.007 ± 0.001 123 9.88 < 0.001  
Trial -0.022 ± 0.005 210 -4.47 < 0.001  
Day 0.019 ± 0.002 504 8.26 < 0.001  
Food† (no) × mass (g) 0.003 ± 0.001 175 4.72 < 0.001  
Respirometry chamber 2 0.007 ± 0.019 202 0.39 0.696  
Respirometry chamber 3 -0.007 ± 0.019 190 -0.40 0.691  
Respirometry chamber 4 0.017 ± 0.018 190 0.92 0.357  
Respirometry chamber 5 -0.014 ± 0.018 207 -0.74 0.458  
Respirometry chamber 6 0.008 ± 0.019 201 0.45 0.651  
Respirometry chamber 7 0.029 ± 0.019 199 1.55 0.123  
Respirometry chamber 8 0.041 ± 0.019 191 2.15 0.033  
Respirometry chamber 9 -0.046 ± 0.018 195 -2.51 0.013  
Respirometry chamber 10 -0.041 ± 0.020 197 -2.08 0.039  
Respirometry chamber 11 0.029 ± 0.018 180 1.60 0.112  
Respirometry chamber 12 0.028 ± 0.020 199 1.43 0.154  
Respirometry chamber 13 0.101 ± 0.020 192 4.97 < 0.001  
Respirometry chamber 14 0.076 ± 0.022 198 3.46 0.001  
Respirometry chamber 15 0.072 ± 0.022 192 3.29 0.001  
Respirometry chamber 16 0.086 ± 0.021 196 4.06 < 0.001  
N = 795 obs. of n = 77 individuals and n = 221 trial*ID. 
†Food was coded so that food available was the intercept (i.e. 0).  
R2marginal = 0.63; R2conditional = 0.77. 
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Figure S4.3 Partial effects and residuals from the reaction norm model fitted to estimate the effect 
of 24-h starvation on resting metabolic rate (W) measured at 15 °C, where the intercept (i.e. 0) 
corresponds with food available. 
 237 
 
Table S4.4 Summary of fixed effects and random effects from the best-fitting linear mixed effects 
model fitted to explain variation in daily energy expenditure in response starvation in Diversity 
Outbred laboratory mice. 
 
Random effects  Component Variance SD   
Food †| Trial*ID 𝑉𝑡𝑟𝑖𝑎𝑙∗𝐼𝐷𝐼 20.105 4.4839   
𝑉𝑡𝑟𝑖𝑎𝑙∗𝐼𝐷𝑆 3.0464 1.7454   
Food† | Individual 𝑉𝑖𝑛𝑑𝐼  5.1607 2.2717   
𝑉𝑖𝑛𝑑𝑆  3.9856 1.9964   
Residual 𝑉𝑒0  9.2603 3.0431   
      
Fixed effects Coefficient ± s.e. d.f. t-value p-value  
Intercept (kJ 24 h-1) 11.68 ± 2.707 268 4.32 < 0.001  
Food† (°C) 0.593 ± 1.492 217 0.40 0.691  
Body mass (g) 1.165 ± 0.105 224 11.11 < 0.001  
Sex (males) 6.942 ± 3.235 202 2.15 0.033  
Trial -1.510 ± 0.507 195 -2.98 0.003  
Day 0.480 ± 0.116 360 4.13 < 0.001  
Wheel (km) 1.376 ± 0.103 221 13.33 < 0.001  
Food† (no) × mass (g) -0.149 ± 0.041 197 -3.65 < 0.001  
Sex (males) × mass (g) -0.333 ± 0.108 195 -3.09 0.002  
Respirometry chamber 2 1.405 ± 1.694 199 0.83 0.408  
Respirometry chamber 3 0.864 ± 1.694 184 0.51 0.611  
Respirometry chamber 4 3.305 ± 1.651 190 2.00 0.047  
Respirometry chamber 5 -1.343 ± 1.633 200 -0.82 0.412  
Respirometry chamber 6 2.981 ± 1.666 198 1.79 0.075  
Respirometry chamber 7 3.863 ± 1.655 189 2.33 0.021  
Respirometry chamber 8 3.570 ± 1.701 189 2.10 0.037  
Respirometry chamber 9 -3.717 ± 1.650 192 -2.25 0.025  
Respirometry chamber 10 -0.212 ± 1.769 192 -0.12 0.905  
Respirometry chamber 11 4.638 ± 1.649 174 2.81 0.005  
Respirometry chamber 12 4.929 ± 1.759 194 2.80 0.006  
Respirometry chamber 13 9.804 ± 1.832 187 5.35 < 0.001  
Respirometry chamber 14 8.972 ± 1.960 190 4.58 < 0.001  
Respirometry chamber 15 7.793 ± 1.955 193 3.99 < 0.001  
Respirometry chamber 16 7.894 ± 1.896 196 4.16 < 0.001  
N = 768 obs. of n = 77 individuals and n = 221 trial*ID. 
†Food was coded so that food available was the intercept (i.e. 0).  
R2marginal = 0.73; R2conditional = 0.92. 
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Figure S4.4 Partial effects and residuals from the reaction norm model fitted to estimate the effect 
of starvation on daily energy expenditure (kJ 24 h-1), where the intercept (i.e. 0) corresponds with 
food available. 
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Table S4.5 Predicted individual differences from the population mean intercept and slope estimated 
from four separate linear mixed effects models fitted to explain resting metabolic rate (RMR) in 
response to a decrease in air temperature (Ta) from 31 to 15 °C, and RMR measured at either 31 °C 
or 15 °C, and daily energy expenditure (DEE) in response to starvation (n = 76).  
ID 
Intercept 
RMR- 
Ta 
Slope 
RMR- 
Ta 
Intercept 
RMR31-
Food 
Slope 
RMR31-
Food 
Intercept 
RMR15-
Food 
Slope 
RMR15-
Food 
Intercept 
DEE- 
Food 
Slope 
DEE- 
Food 
0.018943 0.015453 0.009928 -0.006284 -0.002362 0.000526 0.272847 -0.786480 0.018943 
0.005365 0.022616 0.003737 -0.004114 -0.015311 0.032037 -1.196150 0.549874 0.005365 
-0.011302 -0.022274 -0.009148 0.004684 0.005073 -0.012570 -1.243905 0.441038 -0.011302 
-0.002494 -0.008238 -0.003358 0.003812 -0.002401 0.007705 -0.641410 0.263047 -0.002494 
-0.011205 -0.011944 -0.006980 -0.001635 -0.010088 -0.004995 -0.984084 -2.498157 -0.011205 
0.010065 0.010584 0.008099 -0.004642 -0.003122 0.002802 0.259624 0.255768 0.010065 
-0.005506 -0.015446 -0.002217 0.004056 0.015575 -0.003099 1.437230 0.440697 -0.005506 
0.008406 0.000939 0.007340 -0.006430 -0.008981 -0.002157 1.370463 -2.075366 0.008406 
-0.002675 -0.019659 -0.002624 0.000944 0.008707 -0.009973 1.135620 -1.082390 -0.002675 
0.003499 -0.004020 0.005075 -0.003306 0.004344 -0.005947 -0.160050 0.904787 0.003499 
-0.004900 -0.005538 -0.005881 0.004426 0.001739 0.011530 0.014723 -0.846893 -0.004900 
-0.009951 -0.009456 -0.006566 0.002151 -0.005361 -0.012588 0.047909 -2.778258 -0.009951 
-0.019773 -0.031596 -0.015880 0.005584 0.009083 -0.017271 -0.658682 -0.319373 -0.019773 
-0.008012 0.007634 -0.006493 0.004532 -0.008614 0.007994 -0.509224 -0.594115 -0.008012 
-0.004510 0.025576 -0.005275 0.003703 -0.025764 0.028438 -1.917756 2.571652 -0.004510 
0.028847 0.002991 0.019464 -0.011017 0.023718 -0.042796 2.020232 -0.983743 0.028847 
0.011932 0.008522 0.012587 -0.008605 -0.001664 -0.018433 0.806751 -0.463431 0.011932 
-0.000815 0.001601 -0.000920 0.004259 0.002163 0.003460 -0.931964 1.145728 -0.000815 
-0.008247 0.017157 -0.008259 0.008056 -0.021439 0.004372 0.871062 -2.606886 -0.008247 
-0.001463 0.012049 -0.000263 0.008968 -0.002314 0.018140 -0.943048 1.564101 -0.001463 
0.018795 -0.015587 0.007851 -0.002127 0.045986 0.006250 2.394520 0.601797 0.018795 
0.006052 0.015726 0.003956 -0.003067 -0.012061 0.003338 -0.012590 -0.030242 0.006052 
0.000942 -0.007245 0.001250 -0.003338 0.012821 0.001292 -0.626612 -0.766266 0.000942 
-0.003936 -0.000072 -0.005375 0.002372 -0.005207 0.007035 -1.464874 0.307328 -0.003936 
-0.017424 0.003973 -0.014051 0.007997 -0.021723 0.006923 -2.634315 0.671650 -0.017424 
0.018312 0.009193 0.013625 -0.007817 0.006274 0.001555 0.812195 0.567191 0.018312 
0.017291 0.018365 0.016722 -0.011161 -0.009870 -0.019551 -0.299817 -0.485379 0.017291 
0.002973 0.010014 0.003428 -0.004041 -0.009727 -0.010000 -0.334059 -0.412720 0.002973 
0.008676 -0.018782 0.000420 0.001041 0.036056 0.002068 1.999703 0.709385 0.008676 
-0.004944 -0.006298 -0.005711 0.002468 -0.001158 -0.002991 -1.995257 -0.538249 -0.004944 
0.012808 -0.013814 0.009237 -0.006742 0.024341 0.010956 1.656443 1.705776 0.012808 
0.016843 0.014525 0.012419 -0.011104 -0.004208 -0.001677 -1.928853 0.599525 0.016843 
-0.006736 -0.015097 -0.004862 0.001241 0.015232 -0.028393 0.034854 -0.009854 -0.006736 
-0.023374 0.025559 -0.018374 0.009703 -0.043689 0.016892 -2.590860 0.265155 -0.023374 
0.008450 -0.000014 0.006269 -0.001663 0.011592 -0.018536 1.064315 -1.577494 0.008450 
-0.000880 0.004949 -0.001896 -0.000014 -0.002199 0.004615 -1.488776 1.252103 -0.000880 
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Table S4.5 cont. 
ID 
Intercept 
RMR- 
Ta 
Slope 
RMR- 
Ta 
Intercept 
RMR31-
Food 
Slope 
RMR31-
Food 
Intercept 
RMR15-
Food 
Slope 
RMR15-
Food 
Intercept 
DEE- 
Food 
Slope 
DEE- 
Food 
0.003990 0.033795 0.006780 0.001754 -0.029633 0.011152 -0.174148 -0.020095 0.003990 
-0.010215 -0.005757 -0.008031 0.000682 -0.014357 -0.040619 -0.814298 -3.467852 -0.010215 
0.004531 -0.021763 0.006160 -0.005617 0.031164 -0.034719 2.157054 -1.168240 0.004531 
-0.017606 0.026240 -0.011010 0.007903 -0.038391 0.000970 -2.156305 -0.136543 -0.017606 
-0.002839 -0.006044 -0.003384 0.000442 0.012262 0.003409 1.316334 -1.209035 -0.002839 
0.016998 -0.014727 0.005641 0.002076 0.040414 -0.007486 2.976864 -1.466444 0.016998 
-0.004339 -0.013834 -0.003555 0.000032 0.009314 -0.015111 -0.909548 2.181077 -0.004339 
0.016514 -0.009339 0.009296 0.000147 0.039123 0.016869 2.781375 0.786599 0.016514 
-0.003902 0.027384 0.001340 0.003199 -0.021440 0.014770 0.822482 0.333996 -0.003902 
-0.007556 0.025591 -0.001995 0.000341 -0.028082 0.006454 -1.223057 0.441725 -0.007556 
0.005815 0.012260 0.002574 -0.001669 0.001106 0.031496 0.671433 -0.337672 0.005815 
-0.008202 -0.004937 -0.005421 0.001408 0.000858 0.001901 1.572554 0.750568 -0.008202 
0.014160 -0.015161 0.010065 -0.003692 0.033044 0.003254 2.247725 -1.002241 0.014160 
0.012725 0.027006 0.010130 -0.007259 -0.006060 -0.003862 0.822078 0.013787 0.012725 
0.012135 -0.001250 0.009734 -0.007787 0.007825 -0.043848 1.122486 -1.663909 0.012135 
-0.011207 -0.008923 -0.006561 0.002454 0.011111 0.000943 0.259340 1.412640 -0.011207 
0.010722 -0.008590 0.004123 -0.003644 0.038808 0.026315 0.310273 1.495516 0.010722 
-0.001588 0.001104 -0.005432 0.002494 -0.003322 0.001770 -0.492326 1.364086 -0.001588 
0.000694 -0.013108 -0.001926 -0.002129 0.011967 -0.016531 0.158072 -0.901173 0.000694 
-0.004695 0.017570 -0.006260 0.009111 -0.010012 0.015668 -0.986799 1.517058 -0.004695 
-0.019075 -0.022901 -0.012876 0.006718 0.013340 0.020917 -0.143157 -1.155897 -0.019075 
-0.029194 -0.013269 -0.017116 0.013313 -0.017942 0.011309 -2.947612 2.143214 -0.029194 
-0.011808 0.005342 -0.005708 0.004481 -0.025497 0.009558 -1.163781 -1.465551 -0.011808 
0.000826 0.025716 0.005658 -0.006250 -0.039513 -0.012486 -0.419376 -1.961791 0.000826 
-0.004607 -0.012288 -0.002447 0.000364 0.004587 -0.012704 0.817326 -0.474270 -0.004607 
-0.014839 -0.014355 -0.010778 0.004593 -0.002001 -0.007508 -0.399603 -2.146911 -0.014839 
-0.000498 0.013620 0.001931 -0.002291 -0.010128 0.001730 0.518098 0.459325 -0.000498 
-0.004672 0.009008 0.000923 -0.002033 -0.015979 0.001907 -0.440320 1.851640 -0.004672 
0.023303 -0.021334 0.015249 -0.010081 0.038137 -0.015847 0.788239 -0.783979 0.023303 
-0.012233 -0.005930 -0.008019 0.002988 -0.006942 0.016130 -1.556133 1.339153 -0.012233 
-0.010553 -0.003691 -0.005724 0.001386 -0.001835 0.000758 -0.378733 0.464540 -0.010553 
-0.006030 0.005619 -0.002059 0.003547 -0.017251 0.017918 1.153878 3.749009 -0.006030 
0.007595 0.004239 0.006412 0.000483 -0.006744 -0.005978 2.303975 -0.967808 0.007595 
-0.006943 0.009091 -0.004754 0.003159 -0.024153 0.005373 -0.653333 -0.041036 -0.006943 
0.010277 0.013601 0.009443 -0.008094 -0.015375 -0.003926 -0.369358 -0.890244 0.010277 
-0.008427 -0.003597 -0.004491 0.004937 -0.015524 0.004171 0.768444 0.032417 -0.008427 
-0.003118 0.005599 -0.004100 0.006760 -0.017410 0.013522 -0.988536 1.385156 -0.003118 
0.023245 0.022454 0.019783 -0.009436 0.003157 0.015128 -0.063709 2.023113 0.023245 
-0.011729 -0.006737 -0.009803 0.004157 -0.010270 0.019400 -1.407411 1.159714 -0.011729 
-0.001939 -0.026495 -0.001318 -0.001751 0.015805 -0.008306 -0.269858 -0.491255 -0.001939 
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Table S4.6 Correlations between the intercepts and slopes predicted from linear mixed effects 
models fitted to estimate the reaction norms of resting metabolic rate (RMR) to a decrease in air 
temperature (Ta) from 31 to 15 °C when food was available, and RMR at 31 °C, RMR at 15 °C, and 
daily energy expenditure (DEE) to starvation (RMR31-, RMR15- and DEE-Food, respectively). 
 
 Int. 
RMR- 
Ta 
Slp. 
RMR- 
Ta  
Int. 
RMR31-
Food 
Slp. 
RMR31-
Food 
Int. 
RMR15-
Food 
Slp. 
RMR15-
Food 
Int. 
DEE- 
Food 
Slp. RMR-Ta  0.14       
Int.  RMR31-Food  0.96*  0.23      
Slp. RMR31-Food -0.82* -0.11 -0.88*     
Int.  RMR15-Food  0.50* -0.70*  0.37* -0.32*    
Slp. RMR15-Food -0.19  0.32* -0.23  0.39* -0.23   
Int.  DEE-Food  0.59* -0.28*  0.55* -0.40*  0.64* -0.26*  
Slp. DEE-Food -0.05  0.15 -0.05  0.18 -0.03  0.53 -0.24 
Int., intercept; Slp., slope. Significant (p < 0.05) unadjusted correlations are indicated in boldface; after a 
Benjamini and Hochberg (BH) correction for multiple simultaneous tests p-values of < 0.034 remain 
significant (indicated with asterisks). 
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Table S4.7 Summary of linear mixed effects model fitted to estimate how mean offspring growth 
rate during Phase 1 (1 to 16 days old) was affected by the slope of their mother’s resting metabolic 
rate (RMR) measured in response to a decrease in air temperature (Ta) from 31 to 15 °C.  
 
Random effects Variance SD   
Mother ID 0.9257 0.9622   
Father ID 0.0206 0.1435   
Residual 0.2589 0.5088   
Fixed effects β ± SE df t-value p-value 
Intercept 0.945 ± 1.477 70 0.64 0.5243 
Day 0.687 ± 0.135 46 5.11 < 0.0001 
Day2 -0.013 ± 0.004 44 -3.55 0.0009 
1RMR-Ta slope (W 16 °C-1) 1.980 ± 13.75 81 0.14 0.8859 
Litter size 0.184 ± 0.071 69 2.58 0.0121 
Mother mass (g) -0.054 ± 0.041 69 -1.33 0.1871 
RMR-Ta slope × Day -1.984 ± 0.950 44 -2.09 0.0425 
Litter size × Day -0.043 ± 0.005 44 -9.08 < 0.0001 
Mother mass × Day 0.012 ± 0.003 46 3.74 0.0005 
n = 97 obs. of growth rate from NMother = 48 and NFather = 29. 
1Random slope (i.e. individual difference from population mean slope) extracted from 
RMR-Ta reaction norm model (Table S4.5). Significant effects shown in bold. 
Table S4.8 Summary of a linear mixed effects model fitted to estimate how mean offspring growth 
rate measured over the entire growth period (1 to 31 days old) was affected by the slope of their 
mother’s resting metabolic rate (RMR) measured in response to a decrease in air temperature (Ta) 
from 31 to 15 °C. 
 
Random effects Variance SD   
Mother ID 0.8110 0.9006   
Father ID 0.5766 0.7593   
Residual 1.7024 1.3048   
Fixed effects β ± SE df t-value p-value 
Intercept 4.138 ± 0.960 161 4.31 < 0.0001 
Day 0.286 ± 0.068 153 4.23 < 0.0001 
Day2 0.009 ± 0.002 153 5.69 < 0.0001 
1RMR-Ta slope (W 16 °C-1) 3.059 ± 17.88 145 0.17 0.8644 
Litter size -0.091 ± 0.100 120 -0.91 0.3626 
Sex ratio  -3.060 ± 0.981 156 -3.12 0.0022 
RMR-Ta slope × Day -1.414 ± 0.734 150 -1.93 0.0560 
Litter size × Day -0.010 ± 0.004 151 -2.43 0.0163 
Sex ratio × Day 0.286 ± 0.041 150 6.99 < 0.0001 
n = 202 obs. of growth rate from NMother = 48 and NFather = 29. 
1Random slope (i.e. individual difference from population mean slope) extracted from 
RMR-Ta reaction norm model (Table S4.5). Significant effects shown in bold. 
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Table S4.9 Summary of a linear mixed effects model fitted to estimate how mean offspring growth 
rate measured over the entire growth period (1 to 31 days old) was affected by their father’s resting 
metabolic rate (RMR) measured at 31 °C on days when food was available. 
 
Random effects Variance SD   
Mother ID 0.7735 0.8795   
Father ID 0.8276 0.9097   
Residual 1.7002 1.3039   
Fixed effects β ± SE df t-value p-value 
Intercept 4.075 ± 0.990 150 4.12 0.0001 
Day 0.270 ± 0.069 145 3.89 0.0002 
Day2 0.010 ± 0.002 145 5.75 < 0.0001 
1RMR31 intercept (W) 20.58 ± 38.02 67 0.54 0.5883 
Litter size -0.022 ± 0.107 121 -0.20 0.8389 
Sex ratio -3.870 ± 1.076 136 -3.60 0.0005 
RMR31 intercept × Day -2.778 ± 1.425 144 -1.95 0.0531 
Litter size × Day -0.012 ± 0.004 144 -2.67 0.0084 
Sex ratio × Day 0.321 ± 0.045 143 7.10 < 0.0001 
n = 193 obs. of growth rate from NMother = 46 and NFather 28. 
1Random intercept (i.e. individual difference from population mean intercept) extracted from 
the RMR31-Food reaction norm model (Table S4.5). Significant effects shown in bold. 
 
Table S4.10 Summary of linear mixed effects model fitted to estimate how mean offspring growth 
rate measured over the entire growth period (1 to 31 days old) was affected by the slope of their 
father’s resting metabolic rate (RMR) measured at 31 °C in response to starvation. 
 
Random effects Variance SD   
Mother ID 0.7789 0.8826   
Father ID 0.7873 0.8873   
Residual 1.6692 1.2920   
Fixed effects β ± SE df t-value p-value 
Intercept 4.131 ± 0.984 150 4.20 < 0.0001 
Day 0.269 ± 0.069 145 3.91 0.0001 
Day2 0.010 ± 0.002 145 5.72 < 0.0001 
1RMR31 slope (W) -47.64 ± 60.88 59 -0.78 0.4370 
Litter size -0.031 ± 0.106 120 -0.29 0.7696 
Sex ratio -3.927 ± 1.070 136 -3.67 0.0003 
RMR31 slope × Day 5.874 ± 2.258 144 2.60 0.0103 
Litter size × Day -0.011 ± 0.004 144 -2.61 0.0100 
Sex ratio × Day 0.327 ± 0.045 143 7.28 < 0.0001 
n = 193 obs. of growth rate from NMother = 46 and NFather 28. 
1Random slope (i.e. individual difference from population mean slope) extracted from the 
RMR31-Food reaction norm model (Table S4.5). Significant effects shown in bold. 
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Table S4.11 Summary of linear mixed effects model fitted to estimate how mean offspring growth 
rate measured over the entire growth period (1 to 31 days old) was affected by the slope of their 
father’s resting metabolic rate (RMR) measured at 15 °C in response to starvation. 
 
Random effects Variance SD   
Mother ID 0.7378 0.8589   
Father ID 0.5966 0.7724   
Residual 1.6218 1.2735   
Fixed effects β ± SE df t-value p-value 
Intercept 4.124 ± 0.714 182 5.77 < 0.0001 
Day 0.163 ± 0.036 147 2.58 0.0108 
Day2 0.010 ± 0.002 147 6.11 < 0.0001 
1RMR15 slope (W) -1.966 ± 19.63 78 -0.10 0.9205 
Sex ratio -3.842 ± 1.038 154 -3.70 0.0003 
RMR15 slope × Day 3.171 ± 0.765 145 4.14 0.0001 
Sex ratio × Day 0.340 ± 0.045 145 7.63 < 0.0001 
n = 193 obs. of growth rate from NMother = 46 and NFather 28. 
1Random slope (i.e. individual difference from population mean slope) extracted from the 
RMR15-Food reaction norm model (Table S4.5). Significant effects shown in bold. 
Table S4.12 Summary of linear mixed effects model fitted to estimate how mean offspring growth 
rate measured over the entire growth period (1 to 31 days old) was affected by the slope of their 
mother’s daily energy expenditure (DEE) in response to starvation. 
 
Random effects Variance SD   
Mother ID 0.8403 0.9167   
Father ID 0.9476 0.9734   
Residual 1.7134 1.3090   
Fixed effects β ± SE df t-value p-value 
Intercept 3.725 ± 0.713 180 5.22 < 0.0001 
Day 0.220 ± 0.062 154 3.56 0.0005 
Day2 0.010 ± 0.002 154 5.76 < 0.0001 
1DEE slope (kJ 24 h-1) -0.091 ± 0.224 128 -0.41 0.6849 
Sex ratio -3.197 ± 1.006 148 -3.18 0.0018 
DEE slope × Day 0.023 ± 0.009 151 2.60 0.0103  
Sex ratio × Day 0.286 ± 0.041 151 6.99 < 0.0001 
n = 202 obs. of growth rate from NMother = 48 and NFather 29. 
1Random slope (i.e. individual difference from population mean slope) extracted from the 
DEE-Food reaction norm model (Table S4.5). Significant effects shown in bold. 
 
 245 
 
SUPPLEMENTARY MATERIAL: CHAPTER 5 
Figure S5.1 Partial effects and residuals from linear model fitted to estimate the effect of log10 body 
mass on log10 dry heart mass.  
 
 
Figure S5.2 Partial effects and residuals from linear model fitted to estimate the effect of log10 body 
mass on log10 dry kidney mass.  
 246 
 
Figure S5.3 Partial effects and residuals from linear model fitted to estimate the effect of log10 body 
mass on log10 dry liver mass.  
Figure S5.4 Partial effects and residuals from linear model fitted to estimate the effect of log10 body 
mass on log10 dry lung mass.  
Figure S5.5 Partial effects and residuals from linear model fitted to estimate the effect of log10 body 
mass on square root-transformed dry small intestine mass.  
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Table S5.1 Residual dry organ masses corrected for differences in log10 body mass (n = 46). 
ID 
Residual 
log10 liver 
Residual 
log10 heart 
Residual  
log10 kidneys 
Residual 
sqrt. Sml. int. 
Residual 
log10 lungs 
P003 -0.030770 -0.030245 0.083131 -0.037666 -0.071404 
P005 0.040034 -0.049429 -0.041774 -0.059142 -0.007761 
P008 0.058672 0.095119 0.040749 0.087936 -0.062661 
P009 -0.094746 -0.063075 0.069377 0.055398 -0.050485 
P013 -0.026085 -0.028186 -0.045079 0.031453 -0.058949 
P016 0.033485 -0.007522 0.043161 0.038102 0.040672 
P020 0.078359 -0.021839 -0.050822 -0.086586 0.026135 
P025 -0.064067 -0.067007 -0.008833 0.057493 0.046629 
P026 -0.008785 -0.127765 0.016504 -0.070756 -0.063770 
P029 -0.014841 -0.041623 -0.026451 -0.097086 0.034164 
P030 0.065702 0.018902 -0.107474 -0.093130 -0.012897 
P033 -0.066710 0.064267 -0.106656 -0.092950 0.013245 
P034 -0.012132 0.044733 -0.011643 0.057207 0.051454 
P036* -0.192853 -0.131861 -0.098285 -0.225875 -0.174677 
P038* -0.054108 -0.060100 -0.011601 0.316336 -0.118763 
P040 -0.036826 0.065459 -0.107098 -0.075344 -0.079923 
P041 0.044201 -0.056429 -0.011994 -0.023785 -0.035432 
P044 0.034874 0.050246 -0.045720 0.063990 0.011996 
P048 -0.047288 -0.003357 -0.078181 -0.067336 0.023123 
P049 -0.062564 -0.089794 0.091057 0.017264 0.018305 
P050 -0.055944 0.111218 -0.008886 -0.009991 -0.034261 
P053 0.000900 0.070113 0.003473 0.007483 0.101447 
P055 0.048155 0.048726 0.053807 -0.083653 0.008326 
P057 -0.055501 -0.047150 -0.010906 -0.007454 0.064282 
P059 -0.024824 -0.058294 -0.068754 0.022583 0.154927 
P060 -0.019644 0.069899 -0.011925 -0.020410 -0.061971 
P063 -0.028993 -0.124669 -0.044798 -0.037163 0.028102 
P066 0.005522 0.117114 0.033536 -0.015630 0.192039 
P067* 0.239434 0.068881 0.010457 0.149414 0.052504 
P069 -0.049619 -0.014622 -0.036555 -0.012761 0.000003 
P070 0.113093 0.029150 0.027293 0.043255 -0.003147 
P071 0.073132 -0.062807 0.063803 0.019302 0.091467 
P076 0.004825 -0.014835 0.036976 -0.033636 0.036462 
P077 -0.055399 -0.094028 0.146595 -0.176260 -0.139305 
P078 0.042858 -0.018773 0.081085 -0.034755 -0.124975 
P082 0.077587 0.040644 -0.010306 -0.017491 -0.035909 
P083 -0.014604 -0.020900 0.020581 0.003337 -0.011900 
P086 -0.005284 0.173205 0.007280 -0.035948 0.027329 
P089 0.063245 0.101809 0.001484 0.098626 0.013270 
P090 -0.033350 0.166153 -0.016186 0.186626 0.087555 
P091 -0.022212 -0.046702 0.032126 0.107888 -0.096658 
P092 -0.035666 -0.088822 0.125115 0.111010 0.075815 
P093 0.040521 0.033799 -0.011063 0.059545 -0.055657 
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Table 5.1 cont. 
ID 
Residual 
log10 liver 
Residual 
log10 heart 
Residual  
log10 kidneys 
Residual 
sqrt. Sml. int. 
Residual 
log10 lungs 
P096 0.035302 0.098184 -0.037558 0.035762 0.073776 
P098 -0.096124 -0.091932 0.021977 -0.057137 -0.007038 
P100 0.109042 -0.005854 -0.001023 -0.098062 0.034514 
*ID’s P036, P038 and P067 were removed from further analysis as they had a residual 
organ mass was greater than 3 standard deviations from the population mean. 
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APPENDIX III: RAW DATA  
Raw metabolic rate (MR) values used to calculate mean resting metabolic rate (RMR) at 31 and 15 
°C. Mean RMRs are presented with standard deviation (SD) and coefficient of variation (CV) for each 
set of the three MR values. 
   RMR 31 °C  RMR 15 °C 
Trial Day ID MR 1 MR 2 MR 3 RMR SD CV 
% 
 MR 1 MR 2 MR 3 RMR SD CV 
% 
1 1 P001 0.1101 0.1075 0.1074 0.1084 0.0015 1.42  0.1336 0.1203 0.1242 0.1260 0.0068 5.43 
1 2 P001 0.1611 0.1536 0.1655 0.1601 0.0060 3.75  0.2757 0.2757 0.2931 0.2815 0.0100 3.57 
1 3 P001 0.1045 0.1103 0.1098 0.1082 0.0032 2.95  0.2574 0.2331 0.2300 0.2402 0.0150 6.26 
2 1 P001 0.1401 0.1389 0.1232 0.1340 0.0094 7.02  0.2080 0.2162 0.2044 0.2095 0.0061 2.90 
2 2 P001 0.1859 0.2116 0.2115 0.2030 0.0148 7.31  0.3302 0.3211 0.2992 0.3168 0.0159 5.03 
2 3 P001 0.1481 0.1457 0.1355 0.1431 0.0067 4.69  0.2932 0.2501 0.2623 0.2685 0.0222 8.27 
2 4 P001 0.1556 0.1297 0.1409 0.1421 0.0130 9.12  0.3237 0.2882 0.3303 0.3141 0.0226 7.21 
3 1 P001 0.1921 0.2014 0.1980 0.1972 0.0047 2.40  0.2763 0.2618 0.2882 0.2754 0.0132 4.78 
3 2 P001 0.2078 0.2040 0.1996 0.2038 0.0041 2.02  0.3725 0.3946 0.4314 0.3995 0.0298 7.45 
3 3 P001 0.1681 0.1768 0.1678 0.1709 0.0052 3.02  0.2289 0.2216 0.2510 0.2338 0.0153 6.54 
3 4 P001 0.2941 0.2752 0.2901 0.2865 0.0099 3.47  0.4224 0.4096 0.4233 0.4184 0.0076 1.83 
1 1 P002 0.1428 0.1385 0.1463 0.1425 0.0039 2.76  0.3128 0.2809 0.3162 0.3033 0.0195 6.43 
1 2 P002 0.1517 0.1713 0.1788 0.1673 0.0140 8.37  0.2838 0.2829 0.2982 0.2883 0.0086 2.97 
1 3 P002 0.1356 0.1398 0.1334 0.1363 0.0033 2.39  0.2975 0.2650 0.2699 0.2774 0.0175 6.32 
2 1 P002 0.1592 0.1505 0.1565 0.1554 0.0044 2.86  0.2644 0.2868 0.3072 0.2861 0.0214 7.48 
2 2 P002 0.1921 0.2134 0.2115 0.2057 0.0118 5.74  0.3695 0.3515 0.3723 0.3644 0.0113 3.09 
2 3 P002 0.1732 0.1743 0.1657 0.1711 0.0047 2.75  0.3275 0.2845 0.3302 0.3141 0.0256 8.16 
2 4 P002 0.2247 0.2190 0.2209 0.2215 0.0029 1.30  0.4184 0.3686 0.3856 0.3909 0.0253 6.48 
3 1 P002 0.1337 0.1263 0.1413 0.1337 0.0075 5.63  0.3482 0.3455 0.3452 0.3463 0.0017 0.48 
3 2 P002 0.1922 0.1995 0.1911 0.1943 0.0045 2.34  0.3388 0.3180 0.3800 0.3456 0.0316 9.14 
3 3 P002 0.1447 0.1508 0.1558 0.1504 0.0056 3.69  0.2897 0.3003 0.3089 0.2996 0.0096 3.20 
3 4 P002 0.1997 0.2134 0.2028 0.2053 0.0072 3.48  0.2948 0.2902 0.3179 0.3010 0.0149 4.94 
1 1 P003 0.1302 0.1331 0.1346 0.1326 0.0022 1.66  0.1567 0.1422 0.1417 0.1469 0.0085 5.78 
1 2 P003 0.1681 0.1513 0.1456 0.1550 0.0117 7.55  0.3445 0.3477 0.3684 0.3535 0.0130 3.67 
1 3 P003 0.1283 0.1364 0.1369 0.1339 0.0048 3.62  0.2393 0.2268 0.2670 0.2444 0.0206 8.41 
2 1 P003 0.1583 0.1546 0.1500 0.1543 0.0041 2.69  0.2896 0.3093 0.3424 0.3138 0.0267 8.50 
2 2 P003 0.1581 0.1573 0.1666 0.1607 0.0052 3.23  0.4388 0.4326 0.4289 0.4334 0.0050 1.16 
2 3 P003 0.1421 0.1478 0.1571 0.1490 0.0076 5.07  0.3175 0.3184 0.3664 0.3341 0.0280 8.38 
2 4 P003 0.1677 0.1631 0.1581 0.1629 0.0048 2.95  0.4270 0.4345 0.4501 0.4372 0.0118 2.70 
3 1 P003 0.1369 0.1291 0.1312 0.1324 0.0041 3.08  0.2200 0.1981 0.1838 0.2006 0.0182 9.07 
3 2 P003 0.1435 0.1693 0.1571 0.1566 0.0129 8.24  0.4416 0.4281 0.4621 0.4440 0.0171 3.86 
3 3 P003 0.1316 0.1171 0.1233 0.1240 0.0073 5.88  0.2986 0.2847 0.2883 0.2905 0.0072 2.48 
3 4 P003 0.1499 0.1462 0.1488 0.1483 0.0019 1.26  0.4096 0.3938 0.3881 0.3972 0.0111 2.80 
1 1 P004 0.1327 0.1377 0.1546 0.1416 0.0115 8.11  0.1598 0.1545 0.1726 0.1623 0.0093 5.74 
1 2 P004 0.1752 0.1875 0.1949 0.1859 0.0100 5.36  0.3770 0.3678 0.3569 0.3672 0.0101 2.74 
1 3 P004 0.1536 0.1519 0.1575 0.1543 0.0029 1.89  0.3427 0.3318 0.3135 0.3293 0.0147 4.48 
2 1 P004 0.2198 0.2038 0.2149 0.2129 0.0082 3.85  0.3327 0.3784 0.3838 0.3650 0.0281 7.69 
2 2 P004 0.2216 0.2477 0.2334 0.2342 0.0130 5.57  0.4944 0.4547 0.5028 0.4840 0.0257 5.31 
2 3 P004 0.2025 0.1926 0.2166 0.2039 0.0121 5.92  0.4005 0.4154 0.4541 0.4233 0.0277 6.54 
2 4 P004 0.2280 0.2055 0.2281 0.2205 0.0130 5.89  0.5275 0.4828 0.4724 0.4942 0.0293 5.93 
3 1 P004 0.2616 0.2360 0.2465 0.2480 0.0129 5.19  0.3924 0.4610 0.4559 0.4365 0.0382 8.75 
3 2 P004 0.2283 0.1980 0.2337 0.2200 0.0192 8.73  0.4397 0.4680 0.5029 0.4702 0.0317 6.74 
3 3 P004 0.2108 0.2240 0.2116 0.2154 0.0074 3.44  0.4746 0.4371 0.4882 0.4667 0.0265 5.67 
3 4 P004 0.2283 0.2420 0.2204 0.2302 0.0109 4.75  0.4502 0.4846 0.4697 0.4681 0.0173 3.69 
1 1 P005 0.1520 0.1345 0.1449 0.1438 0.0088 6.11  0.2823 0.2877 0.3001 0.2900 0.0091 3.13 
 250 
 
1 2 P005 0.1647 0.1807 0.1831 0.1762 0.0100 5.69  0.3802 0.4190 0.3883 0.3958 0.0204 5.16 
1 3 P005 0.1563 0.1483 0.1434 0.1494 0.0065 4.37  0.2447 0.2359 0.2279 0.2362 0.0084 3.57 
2 1 P005 0.1060 0.1014 0.1060 0.1045 0.0026 2.52  0.2846 0.2996 0.2746 0.2863 0.0126 4.39 
2 2 P005 0.1803 0.1731 0.1508 0.1681 0.0154 9.17  0.4163 0.3463 0.3705 0.3777 0.0355 9.41 
2 3 P005 0.1264 0.1216 0.1240 0.1240 0.0024 1.95  0.3528 0.3226 0.3405 0.3386 0.0152 4.49 
2 4 P005 0.1913 0.1775 0.1733 0.1807 0.0094 5.21  0.3804 0.3799 0.3960 0.3854 0.0092 2.38 
3 1 P005 0.1563 0.1540 0.1595 0.1566 0.0028 1.76  0.3185 0.2632 0.2826 0.2881 0.0281 9.75 
3 2 P005 0.2262 0.2174 0.2368 0.2268 0.0097 4.28  0.4831 0.5043 0.4907 0.4927 0.0108 2.18 
3 3 P005 0.1625 0.1474 0.1500 0.1533 0.0081 5.28  0.3869 0.3608 0.3342 0.3606 0.0263 7.30 
3 4 P005 0.1782 0.1995 0.1941 0.1906 0.0111 5.80  0.4505 0.5175 0.4662 0.4781 0.0350 7.33 
1 1 P006 0.1554 0.1584 0.1398 0.1512 0.0100 6.60  0.2140 0.2243 0.2016 0.2133 0.0113 5.32 
1 2 P006 0.2340 0.2245 0.2316 0.2300 0.0049 2.14  0.3306 0.3242 0.3462 0.3337 0.0113 3.39 
1 3 P006 0.1649 0.1719 0.1734 0.1701 0.0045 2.66  0.2703 0.3083 0.2586 0.2790 0.0260 9.31 
1 1 P007 0.1990 0.2002 0.1987 0.1993 0.0008 0.39  0.4252 0.3636 0.3905 0.3931 0.0309 7.85 
1 2 P007 0.2007 0.2082 0.2195 0.2094 0.0095 4.52  0.4852 0.4827 0.4308 0.4662 0.0307 6.58 
1 3 P007 0.2118 0.2232 0.2044 0.2131 0.0095 4.44  0.4146 0.3869 0.4107 0.4041 0.0150 3.71 
2 1 P007 0.2072 0.1850 0.2165 0.2029 0.0162 7.98  0.3429 0.3674 0.3950 0.3684 0.0261 7.08 
2 2 P007 0.1918 0.2186 0.2206 0.2103 0.0160 7.62  0.4502 0.4694 0.5078 0.4758 0.0294 6.17 
2 3 P007 0.2275 0.2286 0.2230 0.2264 0.0030 1.31  0.3974 0.4314 0.4414 0.4234 0.0230 5.44 
2 4 P007 0.1796 0.2124 0.2155 0.2025 0.0199 9.83  0.4446 0.4072 0.4954 0.4491 0.0443 9.86 
3 1 P007 0.2161 0.2347 0.2451 0.2320 0.0147 6.33  0.5130 0.4361 0.4529 0.4673 0.0404 8.65 
3 2 P007 0.3121 0.3313 0.3120 0.3185 0.0111 3.49  0.5949 0.5866 0.6399 0.6071 0.0287 4.72 
3 3 P007 0.2894 0.3083 0.2814 0.2930 0.0138 4.72  0.5345 0.5429 0.5716 0.5497 0.0195 3.54 
3 4 P007 0.2611 0.2765 0.3108 0.2828 0.0255 9.01  0.6029 0.5780 0.6855 0.6221 0.0562 9.04 
1 1 P008 0.1573 0.1676 0.1702 0.1650 0.0068 4.12  0.2208 0.1949 0.2138 0.2098 0.0134 6.38 
1 2 P008 0.2629 0.2620 0.2818 0.2689 0.0112 4.17  0.4606 0.4627 0.4129 0.4454 0.0282 6.33 
1 3 P008 0.0943 0.0982 0.0974 0.0966 0.0021 2.16  0.3450 0.3395 0.3712 0.3519 0.0169 4.81 
2 1 P008 0.2177 0.1833 0.2020 0.2010 0.0172 8.56  0.2695 0.2332 0.2426 0.2485 0.0188 7.57 
2 2 P008 0.2553 0.2545 0.2502 0.2533 0.0028 1.09  0.3934 0.3240 0.3617 0.3597 0.0347 9.66 
2 3 P008 0.1739 0.1849 0.1856 0.1815 0.0066 3.62  0.3045 0.3170 0.2663 0.2960 0.0264 8.93 
2 4 P008 0.1959 0.1987 0.1880 0.1942 0.0056 2.88  0.4296 0.4219 0.4091 0.4202 0.0103 2.46 
3 1 P008 0.1799 0.2076 0.1764 0.1880 0.0171 9.09  0.3616 0.3977 0.4308 0.3967 0.0346 8.73 
3 2 P008 0.2006 0.2021 0.1979 0.2002 0.0022 1.09  0.4010 0.4470 0.4453 0.4311 0.0261 6.05 
3 3 P008 0.1771 0.1735 0.1732 0.1746 0.0022 1.27  0.2987 0.3390 0.3288 0.3222 0.0209 6.49 
3 4 P008 0.2089 0.1887 0.1847 0.1941 0.0129 6.66  0.4309 0.4824 0.4107 0.4413 0.0370 8.37 
1 1 P009 0.1362 0.1535 0.1450 0.1449 0.0086 5.95  0.1673 0.1568 0.1623 0.1621 0.0052 3.23 
1 2 P009 0.1834 0.1803 0.1961 0.1866 0.0084 4.49  0.3803 0.4321 0.4424 0.4183 0.0333 7.95 
1 3 P009 0.1205 0.1233 0.1113 0.1184 0.0063 5.33  0.3164 0.2715 0.2788 0.2889 0.0241 8.34 
2 1 P009 0.1517 0.1631 0.1582 0.1577 0.0057 3.60  0.2150 0.2468 0.2588 0.2402 0.0227 9.43 
2 2 P009 0.1965 0.2043 0.1916 0.1975 0.0064 3.23  0.3409 0.3517 0.3711 0.3546 0.0153 4.32 
2 3 P009 0.1502 0.1473 0.1462 0.1479 0.0020 1.39  0.2394 0.2335 0.2485 0.2405 0.0075 3.14 
2 4 P009 0.1757 0.1798 0.1735 0.1763 0.0032 1.81  0.4359 0.4257 0.4301 0.4306 0.0051 1.18 
3 1 P009 0.1219 0.1225 0.1224 0.1223 0.0003 0.24  0.2145 0.1841 0.2059 0.2015 0.0157 7.79 
3 2 P009 0.1459 0.1397 0.1572 0.1476 0.0089 6.01  0.3860 0.4321 0.4342 0.4175 0.0272 6.52 
3 3 P009 0.1199 0.1127 0.1168 0.1165 0.0036 3.07  0.3633 0.3360 0.3380 0.3458 0.0152 4.39 
3 4 P009 0.1053 0.0955 0.1018 0.1009 0.0049 4.89  0.3555 0.3295 0.3688 0.3513 0.0200 5.68 
1 1 P010 0.1126 0.1114 0.1176 0.1139 0.0033 2.88  0.1793 0.1662 0.1753 0.1736 0.0067 3.86 
1 2 P010 0.1609 0.1469 0.1556 0.1545 0.0071 4.58  0.3070 0.3322 0.2980 0.3124 0.0178 5.68 
1 3 P010 0.1203 0.1226 0.1301 0.1243 0.0051 4.13  0.2598 0.2882 0.2899 0.2793 0.0169 6.06 
2 1 P010 0.1601 0.1799 0.1702 0.1701 0.0099 5.80  0.2475 0.2265 0.2343 0.2361 0.0106 4.50 
2 2 P010 0.2012 0.2453 0.2244 0.2236 0.0221 9.87  0.4775 0.4208 0.4892 0.4625 0.0366 7.91 
2 3 P010 0.1794 0.1811 0.1616 0.1740 0.0108 6.22  0.3978 0.3604 0.4269 0.3950 0.0333 8.43 
2 4 P010 0.1888 0.1870 0.1774 0.1844 0.0061 3.34  0.4396 0.4288 0.4566 0.4417 0.0140 3.17 
3 1 P010 0.2198 0.2127 0.2107 0.2144 0.0048 2.24  0.3971 0.3694 0.4105 0.3924 0.0210 5.34 
3 2 P010 0.2703 0.2803 0.2673 0.2726 0.0069 2.51  0.4576 0.4892 0.5033 0.4834 0.0235 4.85 
3 3 P010 0.2292 0.2036 0.2318 0.2216 0.0156 7.03  0.3624 0.3078 0.3468 0.3390 0.0281 8.30 
3 4 P010 0.2756 0.2438 0.2774 0.2656 0.0189 7.11  0.4577 0.4822 0.5154 0.4851 0.0289 5.96 
1 1 P011 0.1106 0.0993 0.0972 0.1024 0.0072 7.02  0.3051 0.3123 0.3032 0.3069 0.0048 1.57 
1 2 P011 0.1392 0.1353 0.1237 0.1327 0.0081 6.09  0.3148 0.2995 0.3144 0.3096 0.0087 2.82 
1 3 P011 0.1303 0.1100 0.1212 0.1205 0.0102 8.43  0.2662 0.2522 0.2834 0.2672 0.0156 5.86 
 251 
 
2 1 P011 0.1659 0.1732 0.1669 0.1687 0.0040 2.36  0.2554 0.2337 0.2531 0.2474 0.0119 4.82 
2 2 P011 0.1734 0.1788 0.1600 0.1708 0.0097 5.66  0.4077 0.3970 0.3726 0.3924 0.0180 4.59 
2 3 P011 0.1336 0.1294 0.1309 0.1313 0.0021 1.63  0.3506 0.3727 0.3529 0.3587 0.0122 3.39 
2 4 P011 0.1339 0.1482 0.1461 0.1428 0.0077 5.42  0.4303 0.3857 0.4215 0.4125 0.0236 5.72 
3 1 P011 0.1706 0.1752 0.1961 0.1806 0.0136 7.53  0.3259 0.2973 0.3304 0.3179 0.0179 5.63 
3 2 P011 0.2102 0.2199 0.1919 0.2073 0.0142 6.86  0.3968 0.3882 0.4081 0.3977 0.0100 2.52 
3 3 P011 0.1927 0.2011 0.1785 0.1908 0.0114 5.99  0.3169 0.2679 0.3142 0.2996 0.0275 9.18 
3 4 P011 0.1869 0.2062 0.1959 0.1963 0.0097 4.93  0.3932 0.3982 0.4624 0.4179 0.0386 9.23 
1 1 P012 0.1082 0.1217 0.1198 0.1166 0.0073 6.30  0.1866 0.1803 0.1891 0.1854 0.0045 2.44 
1 2 P012 0.1405 0.1624 0.1418 0.1482 0.0123 8.29  0.3747 0.3256 0.3524 0.3509 0.0246 7.00 
1 3 P012 0.1410 0.1345 0.1275 0.1343 0.0068 5.03  0.2031 0.2270 0.2380 0.2227 0.0179 8.02 
2 1 P012 0.1589 0.1305 0.1509 0.1467 0.0146 9.97  0.2916 0.3076 0.2731 0.2908 0.0172 5.93 
2 2 P012 0.1752 0.1885 0.1846 0.1828 0.0068 3.74  0.3830 0.4339 0.4670 0.4280 0.0423 9.89 
2 3 P012 0.1386 0.1387 0.1406 0.1393 0.0011 0.80  0.2836 0.2800 0.3149 0.2929 0.0192 6.56 
2 4 P012 0.1662 0.1481 0.1669 0.1604 0.0106 6.62  0.4108 0.4081 0.3863 0.4017 0.0134 3.34 
3 1 P012 0.1970 0.2103 0.2085 0.2053 0.0072 3.53  0.3733 0.3829 0.3993 0.3852 0.0131 3.41 
3 2 P012 0.2138 0.2236 0.2319 0.2231 0.0091 4.08  0.4884 0.4680 0.4900 0.4821 0.0122 2.54 
3 3 P012 0.1932 0.1881 0.1931 0.1915 0.0029 1.52  0.3559 0.3624 0.3919 0.3701 0.0192 5.19 
3 4 P012 0.2463 0.2437 0.2099 0.2333 0.0203 8.70  0.4999 0.4966 0.4894 0.4953 0.0054 1.09 
1 1 P013 0.1698 0.1624 0.1664 0.1662 0.0037 2.23  0.3471 0.3539 0.3297 0.3435 0.0125 3.63 
1 2 P013 0.1639 0.1739 0.1706 0.1695 0.0051 2.99  0.4728 0.4695 0.4657 0.4694 0.0036 0.76 
1 3 P013 0.1277 0.1448 0.1476 0.1400 0.0108 7.69  0.3817 0.3955 0.3877 0.3883 0.0069 1.79 
2 1 P013 0.0964 0.1054 0.1089 0.1036 0.0064 6.20  0.2173 0.2421 0.2359 0.2317 0.0129 5.57 
2 2 P013 0.1393 0.1467 0.1355 0.1405 0.0057 4.04  0.3651 0.4244 0.4279 0.4058 0.0353 8.70 
2 3 P013 0.1128 0.1263 0.1230 0.1207 0.0070 5.83  0.3487 0.3894 0.3559 0.3647 0.0217 5.96 
2 4 P013 0.1290 0.1336 0.1379 0.1335 0.0045 3.36  0.4066 0.4067 0.3923 0.4019 0.0083 2.07 
3 1 P013 0.2161 0.1925 0.1800 0.1962 0.0183 9.34  0.3576 0.3354 0.3594 0.3508 0.0134 3.81 
3 2 P013 0.2362 0.2323 0.2248 0.2311 0.0058 2.52  0.5711 0.5602 0.5742 0.5685 0.0074 1.30 
3 3 P013 0.1894 0.1950 0.2084 0.1976 0.0098 4.94  0.5239 0.4735 0.4547 0.4840 0.0358 7.40 
3 4 P013 0.2098 0.2038 0.2374 0.2170 0.0179 8.25  0.5859 0.6287 0.6203 0.6117 0.0227 3.71 
1 1 P016 0.1561 0.1538 0.1635 0.1578 0.0051 3.21  0.2716 0.2924 0.2430 0.2690 0.0248 9.21 
1 2 P016 0.1398 0.1306 0.1403 0.1369 0.0055 3.99  0.2399 0.2484 0.2681 0.2521 0.0145 5.75 
1 3 P016 0.1722 0.1690 0.1739 0.1717 0.0025 1.47  0.2458 0.2721 0.2445 0.2541 0.0155 6.12 
2 1 P016 0.1227 0.1177 0.1167 0.1190 0.0032 2.68  0.2429 0.2415 0.2651 0.2498 0.0132 5.29 
2 2 P016 0.1683 0.1552 0.1485 0.1573 0.0101 6.42  0.3689 0.3946 0.3690 0.3775 0.0148 3.92 
2 3 P016 0.1569 0.1535 0.1552 0.1552 0.0017 1.10  0.2517 0.2172 0.2133 0.2274 0.0211 9.29 
2 4 P016 0.1852 0.1697 0.1709 0.1753 0.0086 4.93  0.3088 0.3453 0.3522 0.3354 0.0234 6.97 
3 1 P016 0.1783 0.1640 0.1556 0.1660 0.0115 6.91  0.3213 0.2839 0.3349 0.3134 0.0264 8.42 
3 2 P016 0.2015 0.1961 0.2156 0.2044 0.0101 4.94  0.4733 0.4602 0.4239 0.4525 0.0256 5.65 
3 3 P016 0.1824 0.1984 0.1887 0.1898 0.0080 4.24  0.2938 0.3197 0.3147 0.3094 0.0138 4.45 
3 4 P016 0.2096 0.2268 0.2190 0.2185 0.0086 3.94  0.4061 0.4258 0.4515 0.4278 0.0228 5.32 
1 1 P017 0.1391 0.1596 0.1633 0.1540 0.0130 8.47  0.2061 0.2043 0.2380 0.2161 0.0190 8.79 
1 2 P017 0.1971 0.1877 0.2040 0.1963 0.0082 4.19  0.2953 0.3264 0.3032 0.3083 0.0161 5.23 
1 3 P017 0.1558 0.1595 0.1715 0.1623 0.0082 5.05  0.2360 0.2362 0.2512 0.2411 0.0087 3.61 
2 1 P017 0.1827 0.1913 0.1906 0.1882 0.0048 2.55  0.4576 0.4237 0.4187 0.4333 0.0211 4.88 
2 2 P017 0.2357 0.2191 0.2287 0.2278 0.0083 3.66  0.3850 0.3459 0.3910 0.3740 0.0245 6.55 
2 3 P017 0.1854 0.1847 0.1603 0.1768 0.0143 8.09  0.3776 0.3737 0.4044 0.3852 0.0167 4.33 
2 4 P017 0.2030 0.1764 0.1993 0.1929 0.0144 7.47  0.4228 0.4394 0.4144 0.4255 0.0127 2.99 
3 1 P017 0.1661 0.1804 0.1911 0.1792 0.0125 7.00  0.2839 0.3017 0.2767 0.2874 0.0129 4.48 
3 2 P017 0.1682 0.1683 0.1704 0.1690 0.0012 0.73  0.2885 0.2905 0.2894 0.2895 0.0010 0.34 
3 3 P017 0.1559 0.1606 0.1633 0.1600 0.0037 2.32  0.2508 0.2507 0.2536 0.2517 0.0017 0.66 
3 4 P017 0.1487 0.1566 0.1676 0.1577 0.0095 6.01  0.3224 0.2926 0.2858 0.3003 0.0195 6.48 
1 1 P018 0.1902 0.2176 0.1981 0.2020 0.0141 6.99  0.1941 0.2012 0.1912 0.1955 0.0052 2.64 
1 2 P018 0.2562 0.2190 0.2466 0.2406 0.0193 8.04  0.3882 0.3727 0.4064 0.3891 0.0169 4.33 
1 3 P018 0.1991 0.2138 0.2141 0.2090 0.0086 4.10  0.2346 0.2380 0.2578 0.2435 0.0125 5.14 
2 1 P018 0.2461 0.2461 0.2493 0.2472 0.0018 0.75  0.3120 0.2974 0.2972 0.3022 0.0084 2.79 
2 2 P018 0.2707 0.2816 0.3014 0.2846 0.0156 5.46  0.4759 0.4591 0.4719 0.4690 0.0088 1.87 
2 3 P018 0.1993 0.1931 0.1921 0.1948 0.0039 2.00  0.2691 0.2912 0.2816 0.2806 0.0111 3.95 
2 4 P018 0.2676 0.2465 0.2709 0.2616 0.0132 5.06  0.5192 0.4845 0.4930 0.4989 0.0181 3.62 
3 1 P018 0.1919 0.2103 0.2190 0.2071 0.0138 6.68  0.3523 0.2966 0.3051 0.3180 0.0300 9.44 
 252 
 
3 2 P018 0.3219 0.3390 0.2931 0.3180 0.0232 7.30  0.5650 0.5744 0.5206 0.5533 0.0288 5.20 
3 3 P018 0.2303 0.2472 0.2377 0.2384 0.0084 3.54  0.3061 0.3097 0.3376 0.3178 0.0172 5.42 
3 4 P018 0.2988 0.3017 0.3250 0.3085 0.0144 4.66  0.5018 0.5641 0.5260 0.5306 0.0314 5.92 
1 1 P019 0.1948 0.2315 0.2333 0.2199 0.0217 9.89  0.4402 0.4443 0.3998 0.4281 0.0246 5.74 
1 2 P019 0.2385 0.2647 0.2845 0.2625 0.0231 8.80  0.4631 0.4537 0.4803 0.4657 0.0135 2.89 
1 3 P019 0.2440 0.2319 0.2672 0.2477 0.0180 7.25  0.4519 0.4343 0.4377 0.4413 0.0094 2.12 
2 1 P019 0.2724 0.2708 0.2771 0.2734 0.0032 1.18  0.4238 0.3956 0.4575 0.4256 0.0310 7.28 
2 2 P019 0.3251 0.3361 0.3161 0.3258 0.0100 3.07  0.4909 0.5062 0.4819 0.4930 0.0123 2.50 
2 3 P019 0.2642 0.2536 0.2480 0.2553 0.0083 3.23  0.4350 0.3854 0.4323 0.4176 0.0279 6.68 
2 4 P019 0.3324 0.2897 0.3194 0.3138 0.0219 6.98  0.5032 0.4749 0.5000 0.4927 0.0155 3.14 
3 1 P019 0.1859 0.1879 0.1834 0.1857 0.0023 1.22  0.2931 0.2890 0.3243 0.3021 0.0193 6.39 
3 2 P019 0.2765 0.2715 0.2598 0.2692 0.0086 3.19  0.5544 0.5473 0.5476 0.5497 0.0040 0.73 
3 3 P019 0.2272 0.2204 0.2082 0.2186 0.0096 4.39  0.4154 0.4520 0.4347 0.4340 0.0183 4.22 
3 4 P019 0.2830 0.3188 0.3067 0.3028 0.0182 6.02  0.5817 0.5922 0.6256 0.5998 0.0229 3.82 
1 1 P020 0.2543 0.2613 0.2549 0.2569 0.0039 1.51  0.3553 0.4105 0.4286 0.3982 0.0382 9.58 
1 2 P020 0.1972 0.2032 0.2282 0.2096 0.0164 7.84  0.4003 0.4449 0.4328 0.4260 0.0231 5.42 
1 3 P020 0.2513 0.2250 0.2718 0.2494 0.0235 9.41  0.4515 0.4123 0.4177 0.4272 0.0213 4.98 
2 1 P020 0.1905 0.1832 0.1875 0.1871 0.0037 1.97  0.3606 0.3099 0.3445 0.3383 0.0259 7.66 
2 2 P020 0.2137 0.2105 0.2230 0.2157 0.0065 3.03  0.4610 0.4637 0.4640 0.4629 0.0017 0.36 
2 3 P020 0.2082 0.2086 0.2005 0.2058 0.0045 2.21  0.4147 0.3616 0.4334 0.4032 0.0372 9.23 
2 4 P020 0.2457 0.2550 0.2492 0.2500 0.0047 1.86  0.4067 0.4749 0.4786 0.4534 0.0405 8.93 
3 1 P020 0.1975 0.2105 0.1829 0.1970 0.0138 7.00  0.3291 0.2988 0.3063 0.3114 0.0158 5.07 
3 2 P020 0.1880 0.2036 0.1761 0.1892 0.0138 7.30  0.3808 0.4336 0.4292 0.4146 0.0293 7.07 
3 3 P020 0.1783 0.1793 0.1680 0.1752 0.0063 3.58  0.2830 0.2790 0.2737 0.2786 0.0047 1.68 
3 4 P020 0.2059 0.2241 0.2384 0.2228 0.0163 7.30  0.4350 0.3690 0.4129 0.4056 0.0336 8.28 
1 1 P021 0.1484 0.1413 0.1327 0.1408 0.0079 5.58  0.1623 0.1619 0.1500 0.1581 0.0070 4.43 
1 2 P021 0.1641 0.1484 0.1494 0.1540 0.0088 5.72  0.3458 0.3493 0.2994 0.3315 0.0279 8.41 
1 3 P021 0.1982 0.1778 0.1886 0.1882 0.0102 5.41  0.2171 0.2198 0.2120 0.2163 0.0040 1.84 
2 1 P021 0.1936 0.1965 0.1860 0.1920 0.0054 2.83  0.2355 0.2444 0.2361 0.2387 0.0050 2.09 
2 2 P021 0.1602 0.1836 0.1677 0.1705 0.0119 7.01  0.3849 0.3686 0.4167 0.3901 0.0245 6.27 
2 3 P021 0.2012 0.2047 0.2144 0.2068 0.0069 3.32  0.2803 0.2637 0.2608 0.2683 0.0105 3.92 
2 4 P021 0.2264 0.2318 0.1971 0.2185 0.0187 8.55  0.3775 0.3634 0.3741 0.3717 0.0074 1.98 
3 1 P021 0.1694 0.1552 0.1532 0.1593 0.0089 5.56  0.1809 0.1885 0.1863 0.1852 0.0039 2.09 
3 2 P021 0.1785 0.1665 0.1471 0.1640 0.0159 9.67  0.2235 0.2292 0.2397 0.2308 0.0082 3.56 
3 3 P021 0.1706 0.1855 0.1571 0.1711 0.0142 8.30  0.2644 0.2418 0.2211 0.2425 0.0217 8.94 
1 1 P022 0.1296 0.1380 0.1454 0.1377 0.0079 5.75  0.2905 0.2494 0.2960 0.2786 0.0255 9.13 
1 2 P022 0.1472 0.1517 0.1485 0.1492 0.0023 1.56  0.3348 0.3274 0.2882 0.3168 0.0250 7.91 
1 3 P022 0.2878 0.2869 0.3231 0.2993 0.0207 6.90  0.3018 0.3079 0.2860 0.2985 0.0113 3.79 
2 1 P022 0.1939 0.1950 0.1947 0.1945 0.0005 0.28  0.2705 0.2588 0.2441 0.2578 0.0132 5.13 
2 2 P022 0.1850 0.2107 0.1897 0.1951 0.0137 7.01  0.4446 0.4407 0.4361 0.4405 0.0043 0.97 
2 3 P022 0.2132 0.1779 0.2023 0.1978 0.0180 9.12  0.3582 0.3488 0.3662 0.3578 0.0087 2.43 
2 4 P022 0.2044 0.2078 0.2336 0.2153 0.0159 7.41  0.4753 0.4363 0.4253 0.4456 0.0263 5.90 
3 1 P022 0.2936 0.2906 0.3017 0.2953 0.0057 1.95  0.4272 0.4046 0.4751 0.4356 0.0360 8.26 
3 2 P022 0.2765 0.3060 0.2590 0.2805 0.0238 8.47  0.3772 0.3638 0.3399 0.3603 0.0189 5.25 
3 3 P022 0.3013 0.2954 0.2897 0.2955 0.0058 1.97  0.3391 0.3256 0.3288 0.3312 0.0071 2.14 
1 1 P023 0.1447 0.1423 0.1345 0.1405 0.0054 3.81  0.2439 0.2103 0.2152 0.2231 0.0181 8.13 
1 2 P023 0.1635 0.1598 0.1541 0.1591 0.0047 2.96  0.3906 0.3683 0.3459 0.3682 0.0224 6.07 
1 3 P023 0.1116 0.0971 0.1002 0.1030 0.0077 7.44  0.2846 0.2534 0.2731 0.2704 0.0157 5.82 
2 1 P023 0.2923 0.2921 0.2677 0.2840 0.0142 4.99  0.5766 0.5159 0.5199 0.5375 0.0339 6.31 
2 2 P023 0.2915 0.2889 0.2764 0.2856 0.0080 2.82  0.5482 0.5726 0.5393 0.5534 0.0172 3.11 
2 3 P023 0.2284 0.2626 0.2782 0.2564 0.0255 9.93  0.5118 0.4710 0.5039 0.4956 0.0217 4.37 
2 4 P023 0.2400 0.2330 0.2314 0.2348 0.0046 1.94  0.4739 0.5042 0.5016 0.4933 0.0168 3.40 
3 1 P023 0.1753 0.1938 0.1798 0.1830 0.0096 5.26  0.2231 0.2249 0.2147 0.2209 0.0054 2.46 
3 2 P023 0.2624 0.2723 0.2782 0.2710 0.0080 2.95  0.4869 0.4877 0.4676 0.4808 0.0114 2.37 
3 3 P023 0.2225 0.2484 0.2304 0.2338 0.0133 5.68  0.3732 0.3607 0.3909 0.3749 0.0152 4.04 
3 4 P023 0.2886 0.2517 0.2712 0.2705 0.0185 6.82  0.4206 0.4397 0.4527 0.4377 0.0161 3.69 
1 1 P024 0.0828 0.0825 0.0839 0.0831 0.0008 0.92  0.0603 0.0594 0.0612 0.0603 0.0009 1.44 
1 2 P024 0.2103 0.2189 0.2428 0.2240 0.0168 7.52  0.2701 0.2802 0.2856 0.2786 0.0078 2.81 
1 3 P024 0.1577 0.1708 0.1659 0.1648 0.0066 4.03  0.2956 0.2490 0.2616 0.2687 0.0241 8.97 
2 1 P024 0.2472 0.2158 0.2097 0.2242 0.0201 8.98  0.2451 0.2281 0.2211 0.2314 0.0123 5.33 
 253 
 
2 2 P024 0.2552 0.2481 0.2608 0.2547 0.0064 2.49  0.4816 0.4476 0.4640 0.4644 0.0170 3.66 
2 3 P024 0.2173 0.2252 0.2292 0.2239 0.0061 2.72  0.1760 0.1723 0.1733 0.1738 0.0019 1.09 
2 4 P024 0.2494 0.2686 0.2544 0.2575 0.0100 3.88  0.4683 0.4940 0.4557 0.4727 0.0195 4.12 
3 1 P024 0.1905 0.1747 0.1685 0.1779 0.0113 6.36  0.1958 0.1961 0.1729 0.1882 0.0133 7.05 
3 2 P024 0.1944 0.1957 0.1941 0.1947 0.0009 0.44  0.3677 0.3681 0.3668 0.3675 0.0007 0.18 
3 3 P024 0.1551 0.1398 0.1544 0.1498 0.0086 5.74  0.2018 0.2102 0.2414 0.2178 0.0209 9.57 
3 4 P024 0.2146 0.2163 0.2161 0.2157 0.0009 0.42  0.3901 0.3406 0.3833 0.3713 0.0268 7.22 
1 1 P025 0.1206 0.1096 0.1151 0.1151 0.0055 4.78  0.1491 0.1363 0.1235 0.1363 0.0128 9.42 
1 2 P025 0.1436 0.1532 0.1524 0.1497 0.0053 3.55  0.2739 0.3071 0.2871 0.2894 0.0167 5.76 
1 3 P025 0.1312 0.1333 0.1301 0.1315 0.0016 1.23  0.0771 0.0732 0.0672 0.0725 0.0050 6.92 
2 1 P025 0.1542 0.1524 0.1488 0.1518 0.0027 1.80  0.2418 0.2187 0.2347 0.2317 0.0118 5.11 
2 2 P025 0.2094 0.2173 0.2206 0.2158 0.0057 2.66  0.2773 0.2833 0.3104 0.2903 0.0176 6.08 
2 3 P025 0.1619 0.1596 0.1624 0.1613 0.0015 0.94  0.2261 0.2245 0.2142 0.2216 0.0065 2.92 
2 4 P025 0.1706 0.1857 0.1881 0.1815 0.0095 5.24  0.3439 0.3644 0.3645 0.3576 0.0118 3.31 
3 1 P025 0.1531 0.1582 0.1554 0.1556 0.0026 1.65  0.3222 0.3123 0.2804 0.3050 0.0218 7.16 
3 2 P025 0.2010 0.2087 0.2085 0.2061 0.0043 2.11  0.3725 0.3144 0.3589 0.3486 0.0304 8.72 
3 3 P025 0.1336 0.1327 0.1341 0.1335 0.0007 0.53  0.2158 0.2065 0.2166 0.2130 0.0056 2.63 
3 4 P025 0.1851 0.1857 0.1775 0.1828 0.0046 2.49  0.3544 0.3463 0.3129 0.3379 0.0220 6.51 
1 1 P026 0.0687 0.0675 0.0715 0.0693 0.0020 2.93  0.1192 0.1145 0.1146 0.1161 0.0027 2.32 
1 2 P026 0.1515 0.1523 0.1505 0.1515 0.0009 0.60  0.3243 0.3287 0.3451 0.3327 0.0110 3.29 
1 3 P026 0.1281 0.1308 0.1329 0.1306 0.0024 1.85  0.2423 0.2046 0.2110 0.2193 0.0202 9.20 
2 1 P026 0.1712 0.1710 0.1772 0.1732 0.0035 2.03  0.3896 0.3761 0.3594 0.3750 0.0151 4.03 
2 2 P026 0.2061 0.1888 0.1961 0.1970 0.0087 4.41  0.4577 0.4612 0.4703 0.4631 0.0065 1.41 
2 3 P026 0.1794 0.1663 0.1650 0.1702 0.0080 4.70  0.3884 0.3944 0.3759 0.3863 0.0094 2.44 
2 4 P026 0.2011 0.2046 0.2007 0.2022 0.0021 1.05  0.4286 0.4238 0.4126 0.4217 0.0082 1.94 
3 1 P026 0.1245 0.1434 0.1413 0.1364 0.0103 7.59  0.3250 0.3097 0.2981 0.3109 0.0135 4.35 
3 2 P026 0.2321 0.2169 0.2172 0.2221 0.0087 3.91  0.3936 0.4477 0.4495 0.4303 0.0317 7.38 
3 3 P026 0.2041 0.1842 0.2202 0.2028 0.0180 8.88  0.2902 0.2527 0.2423 0.2617 0.0252 9.61 
3 4 P026 0.2417 0.2259 0.2374 0.2350 0.0082 3.48  0.3872 0.3826 0.3949 0.3883 0.0062 1.60 
1 1 P027 0.1188 0.1383 0.1437 0.1336 0.0131 9.80  0.2438 0.2413 0.2265 0.2372 0.0093 3.93 
1 2 P027 0.1694 0.1626 0.1706 0.1675 0.0043 2.59  0.3939 0.3874 0.3746 0.3853 0.0098 2.55 
1 3 P027 0.1203 0.1330 0.1405 0.1313 0.0102 7.80  0.2123 0.1844 0.1848 0.1939 0.0160 8.25 
2 1 P027 0.1487 0.1660 0.1697 0.1614 0.0112 6.94  0.3451 0.3126 0.3306 0.3294 0.0163 4.94 
2 2 P027 0.1351 0.1467 0.1499 0.1439 0.0078 5.43  0.3329 0.3308 0.2818 0.3152 0.0289 9.17 
2 3 P027 0.1554 0.1693 0.1696 0.1648 0.0081 4.94  0.2724 0.2426 0.2804 0.2651 0.0200 7.53 
2 4 P027 0.2220 0.1980 0.2101 0.2101 0.0120 5.71  0.3368 0.3944 0.3731 0.3681 0.0291 7.91 
1 1 P028 0.1199 0.1109 0.1215 0.1174 0.0057 4.84  0.1509 0.1517 0.1377 0.1468 0.0078 5.34 
1 2 P028 0.1563 0.1402 0.1581 0.1515 0.0099 6.50  0.3407 0.3225 0.3405 0.3346 0.0105 3.12 
1 3 P028 0.1370 0.1487 0.1417 0.1425 0.0059 4.11  0.2430 0.2550 0.2451 0.2477 0.0064 2.58 
2 1 P028 0.1280 0.1449 0.1411 0.1380 0.0089 6.43  0.1705 0.1555 0.1807 0.1689 0.0127 7.50 
2 2 P028 0.1519 0.1597 0.1510 0.1542 0.0048 3.10  0.3058 0.2993 0.2847 0.2966 0.0108 3.64 
2 3 P028 0.1506 0.1412 0.1627 0.1515 0.0108 7.12  0.2513 0.2572 0.2578 0.2554 0.0036 1.41 
2 4 P028 0.1489 0.1454 0.1470 0.1471 0.0017 1.19  0.2986 0.2954 0.3119 0.3020 0.0088 2.90 
3 1 P028 0.1584 0.1545 0.1379 0.1503 0.0109 7.22  0.2436 0.2572 0.2792 0.2600 0.0180 6.91 
3 2 P028 0.1613 0.1580 0.1479 0.1558 0.0070 4.49  0.4116 0.3781 0.3668 0.3855 0.0233 6.04 
3 3 P028 0.1556 0.1549 0.1621 0.1575 0.0040 2.54  0.3000 0.2641 0.3156 0.2932 0.0264 9.01 
3 4 P028 0.1543 0.1560 0.1388 0.1497 0.0095 6.32  0.3781 0.3726 0.3339 0.3616 0.0241 6.67 
1 1 P029 0.1125 0.1058 0.0967 0.1050 0.0079 7.55  0.0943 0.0827 0.0926 0.0899 0.0063 6.96 
1 2 P029 0.1705 0.1758 0.1710 0.1724 0.0029 1.67  0.3945 0.4238 0.3807 0.3997 0.0220 5.51 
1 3 P029 0.1712 0.1663 0.1567 0.1647 0.0074 4.46  0.2549 0.2434 0.2384 0.2456 0.0084 3.44 
2 1 P029 0.1680 0.1829 0.1882 0.1797 0.0105 5.83  0.2674 0.2738 0.3184 0.2866 0.0278 9.70 
2 2 P029 0.1830 0.1734 0.1800 0.1788 0.0049 2.73  0.3393 0.3652 0.3834 0.3626 0.0222 6.12 
2 3 P029 0.1767 0.1825 0.1765 0.1786 0.0034 1.92  0.3197 0.3786 0.3555 0.3512 0.0297 8.44 
2 4 P029 0.1729 0.1733 0.1700 0.1721 0.0018 1.06  0.2743 0.2354 0.2806 0.2634 0.0245 9.31 
3 1 P029 0.1771 0.1808 0.1797 0.1792 0.0019 1.06  0.2677 0.2306 0.2395 0.2460 0.0194 7.88 
3 2 P029 0.2211 0.2254 0.2205 0.2223 0.0027 1.20  0.4590 0.4577 0.3895 0.4354 0.0397 9.13 
3 3 P029 0.1745 0.1753 0.1829 0.1776 0.0047 2.62  0.3341 0.3411 0.3375 0.3375 0.0035 1.03 
3 4 P029 0.2217 0.2168 0.2113 0.2166 0.0052 2.40  0.3868 0.4343 0.4622 0.4278 0.0381 8.91 
1 1 P030 0.1563 0.1440 0.1442 0.1482 0.0071 4.77  0.1051 0.0962 0.0893 0.0969 0.0079 8.19 
1 2 P030 0.1782 0.1841 0.1808 0.1810 0.0030 1.65  0.4054 0.3929 0.3624 0.3869 0.0221 5.72 
 254 
 
1 3 P030 0.1574 0.1633 0.1543 0.1583 0.0046 2.89  0.1682 0.1573 0.1384 0.1546 0.0151 9.74 
2 1 P030 0.1652 0.1434 0.1682 0.1589 0.0135 8.51  0.2499 0.2513 0.2874 0.2628 0.0213 8.09 
2 2 P030 0.2132 0.2160 0.2191 0.2161 0.0030 1.37  0.3679 0.3685 0.3393 0.3586 0.0167 4.66 
2 3 P030 0.1954 0.1685 0.1919 0.1852 0.0146 7.90  0.3558 0.3491 0.3530 0.3526 0.0034 0.97 
2 4 P030 0.1946 0.1782 0.1870 0.1866 0.0082 4.40  0.3820 0.3778 0.3762 0.3787 0.0030 0.79 
3 1 P030 0.1735 0.1984 0.2095 0.1938 0.0184 9.50  0.3764 0.3151 0.3716 0.3544 0.0341 9.63 
3 2 P030 0.2849 0.2811 0.2829 0.2830 0.0019 0.69  0.4356 0.4456 0.4584 0.4466 0.0115 2.57 
3 3 P030 0.2300 0.2671 0.2728 0.2566 0.0232 9.05  0.5033 0.4968 0.4374 0.4792 0.0363 7.58 
3 4 P030 0.2703 0.2833 0.2867 0.2801 0.0087 3.09  0.5052 0.4908 0.4766 0.4909 0.0143 2.91 
1 1 P031 0.1680 0.1725 0.1605 0.1670 0.0061 3.63  0.1633 0.1507 0.1458 0.1533 0.0090 5.89 
1 2 P031 0.2883 0.2839 0.2675 0.2799 0.0110 3.92  0.3888 0.3681 0.3272 0.3613 0.0313 8.67 
1 3 P031 0.1905 0.1937 0.2040 0.1961 0.0071 3.60  0.3180 0.3170 0.3272 0.3207 0.0056 1.75 
1 1 P032 0.1201 0.1339 0.1342 0.1294 0.0081 6.23  0.2082 0.1812 0.1998 0.1964 0.0138 7.04 
1 2 P032 0.1581 0.1433 0.1379 0.1464 0.0104 7.14  0.2898 0.3074 0.3200 0.3057 0.0152 4.96 
1 3 P032 0.1451 0.1417 0.1218 0.1362 0.0126 9.23  0.2546 0.2599 0.2524 0.2557 0.0038 1.49 
2 1 P032 0.1885 0.1909 0.1752 0.1849 0.0085 4.59  0.3883 0.4001 0.4620 0.4168 0.0396 9.50 
2 2 P032 0.2160 0.2012 0.2183 0.2118 0.0093 4.37  0.4154 0.4171 0.4220 0.4182 0.0034 0.82 
2 3 P032 0.1694 0.1540 0.1627 0.1620 0.0077 4.77  0.2874 0.2526 0.2844 0.2748 0.0193 7.02 
2 4 P032 0.1913 0.1876 0.1903 0.1898 0.0019 1.00  0.4589 0.4216 0.4295 0.4366 0.0196 4.50 
3 1 P032 0.1555 0.1620 0.1610 0.1595 0.0035 2.19  0.2878 0.2901 0.3229 0.3003 0.0196 6.54 
3 2 P032 0.1441 0.1510 0.1393 0.1448 0.0059 4.07  0.3222 0.2992 0.3016 0.3077 0.0126 4.11 
3 3 P032 0.1275 0.1189 0.1175 0.1213 0.0054 4.45  0.2461 0.2044 0.2338 0.2281 0.0214 9.40 
3 4 P032 0.0965 0.0959 0.1133 0.1019 0.0099 9.68  0.2477 0.2432 0.2456 0.2455 0.0022 0.90 
1 1 P033 0.1168 0.1138 0.1101 0.1136 0.0034 2.98  0.0959 0.1022 0.0905 0.0962 0.0058 6.07 
1 2 P033 0.1651 0.1642 0.1566 0.1620 0.0047 2.88  0.3636 0.3578 0.3438 0.3551 0.0102 2.86 
1 3 P033 0.1224 0.1272 0.1288 0.1261 0.0033 2.63  0.1392 0.1392 0.1417 0.1400 0.0015 1.05 
2 1 P033 0.1432 0.1375 0.1409 0.1405 0.0029 2.05  0.1762 0.1611 0.1965 0.1779 0.0177 9.97 
2 2 P033 0.2018 0.2083 0.2195 0.2099 0.0089 4.26  0.3735 0.3926 0.3822 0.3828 0.0096 2.50 
2 3 P033 0.1641 0.1664 0.1614 0.1640 0.0025 1.50  0.1514 0.1522 0.1733 0.1590 0.0124 7.82 
2 4 P033 0.2145 0.2085 0.2171 0.2133 0.0044 2.07  0.2790 0.2912 0.2930 0.2877 0.0076 2.66 
3 1 P033 0.1547 0.1657 0.1563 0.1589 0.0059 3.74  0.4065 0.3797 0.3363 0.3741 0.0354 9.47 
3 2 P033 0.1826 0.1841 0.1822 0.1829 0.0010 0.55  0.4140 0.4185 0.4578 0.4301 0.0241 5.60 
3 3 P033 0.1574 0.1555 0.1491 0.1540 0.0043 2.81  0.1682 0.1490 0.1553 0.1575 0.0098 6.22 
3 4 P033 0.2538 0.2557 0.2552 0.2549 0.0010 0.39  0.3915 0.3786 0.3971 0.3891 0.0095 2.44 
1 1 P034 0.1607 0.1560 0.1549 0.1572 0.0031 1.96  0.0549 0.0586 0.0532 0.0556 0.0028 4.99 
1 2 P034 0.2033 0.2038 0.2077 0.2049 0.0024 1.17  0.4121 0.3439 0.3730 0.3763 0.0342 9.10 
1 3 P034 0.1675 0.1662 0.1610 0.1649 0.0035 2.09  0.2081 0.1998 0.2032 0.2037 0.0042 2.06 
2 1 P034 0.1478 0.1358 0.1368 0.1402 0.0066 4.74  0.1188 0.1109 0.1071 0.1123 0.0060 5.31 
2 2 P034 0.2231 0.2230 0.2333 0.2265 0.0059 2.60  0.2866 0.3151 0.3235 0.3084 0.0193 6.27 
2 3 P034 0.1805 0.1914 0.1973 0.1897 0.0085 4.49  0.1265 0.1277 0.1200 0.1247 0.0041 3.30 
2 4 P034 0.3047 0.2799 0.2854 0.2900 0.0130 4.49  0.3536 0.3488 0.3283 0.3435 0.0134 3.91 
3 1 P034 0.1371 0.1405 0.1244 0.1340 0.0085 6.34  0.2329 0.2509 0.2461 0.2433 0.0093 3.84 
3 2 P034 0.2062 0.1996 0.2100 0.2053 0.0052 2.55  0.3495 0.3461 0.3543 0.3500 0.0041 1.17 
3 3 P034 0.1707 0.1763 0.1782 0.1750 0.0039 2.23  0.2579 0.2422 0.2352 0.2451 0.0116 4.74 
3 4 P034 0.2207 0.2080 0.2189 0.2159 0.0069 3.17  0.3799 0.3656 0.3425 0.3627 0.0189 5.20 
1 1 P035 0.1035 0.1002 0.1121 0.1053 0.0062 5.84  0.0967 0.0900 0.0958 0.0942 0.0037 3.91 
1 2 P035 0.2086 0.2026 0.2084 0.2065 0.0034 1.66  0.5425 0.5690 0.5328 0.5481 0.0187 3.42 
1 3 P035 0.1874 0.2056 0.2097 0.2009 0.0119 5.91  0.2978 0.3435 0.3141 0.3185 0.0232 7.27 
2 1 P035 0.1581 0.1669 0.1492 0.1581 0.0088 5.59  0.2562 0.2882 0.3081 0.2842 0.0262 9.21 
2 2 P035 0.2101 0.2356 0.2203 0.2220 0.0128 5.78  0.3754 0.3349 0.3791 0.3632 0.0245 6.75 
2 3 P035 0.1734 0.1982 0.1950 0.1889 0.0135 7.15  0.3505 0.3581 0.3541 0.3542 0.0038 1.08 
2 4 P035 0.1880 0.1986 0.1872 0.1913 0.0064 3.34  0.3817 0.3711 0.3896 0.3808 0.0093 2.44 
3 1 P035 0.1624 0.1797 0.1728 0.1717 0.0087 5.06  0.2347 0.2213 0.1951 0.2170 0.0201 9.28 
3 2 P035 0.2572 0.2712 0.2446 0.2576 0.0133 5.16  0.2421 0.2748 0.2712 0.2627 0.0179 6.83 
3 3 P035 0.2192 0.2237 0.2162 0.2197 0.0038 1.71  0.2384 0.2370 0.2504 0.2419 0.0074 3.05 
1 1 P036 0.1278 0.1304 0.1237 0.1273 0.0034 2.65  0.0692 0.0750 0.0742 0.0728 0.0032 4.33 
1 2 P036 0.1379 0.1326 0.1237 0.1314 0.0072 5.46  0.3898 0.3801 0.3607 0.3769 0.0148 3.94 
1 3 P036 0.1041 0.1071 0.0968 0.1027 0.0053 5.14  0.3016 0.3006 0.3145 0.3055 0.0078 2.54 
2 1 P036 0.1779 0.1776 0.1784 0.1780 0.0004 0.24  0.3052 0.2735 0.2871 0.2886 0.0159 5.52 
2 2 P036 0.2420 0.2372 0.2237 0.2343 0.0095 4.05  0.4011 0.4669 0.4823 0.4501 0.0431 9.58 
 255 
 
2 3 P036 0.1858 0.1987 0.1811 0.1886 0.0091 4.84  0.3533 0.3645 0.3682 0.3620 0.0078 2.14 
2 4 P036 0.1865 0.2039 0.2143 0.2015 0.0140 6.97  0.3772 0.4545 0.3940 0.4086 0.0407 9.96 
3 1 P036 0.1884 0.2003 0.1834 0.1907 0.0087 4.55  0.3470 0.3673 0.3579 0.3574 0.0102 2.85 
3 2 P036 0.2217 0.2238 0.2318 0.2258 0.0053 2.36  0.4621 0.4272 0.4102 0.4332 0.0265 6.11 
3 3 P036 0.1937 0.1926 0.1884 0.1916 0.0028 1.45  0.3816 0.3931 0.3741 0.3829 0.0096 2.51 
3 4 P036 0.1808 0.1901 0.1983 0.1897 0.0088 4.62  0.4706 0.4199 0.4408 0.4437 0.0255 5.74 
1 1 P037 0.1320 0.1272 0.1280 0.1290 0.0026 1.99  0.0716 0.0703 0.0805 0.0742 0.0056 7.49 
1 2 P037 0.1505 0.1517 0.1447 0.1489 0.0037 2.51  0.2456 0.2669 0.2603 0.2576 0.0109 4.24 
1 3 P037 0.1573 0.1619 0.1560 0.1584 0.0031 1.96  0.1500 0.1415 0.1400 0.1438 0.0054 3.77 
1 1 P038 0.0509 0.0542 0.0579 0.0543 0.0035 6.43  0.0653 0.0598 0.0625 0.0625 0.0028 4.42 
1 2 P038 0.1659 0.1633 0.1595 0.1629 0.0033 2.01  0.3807 0.3763 0.3627 0.3732 0.0094 2.52 
1 3 P038 0.1333 0.1287 0.1302 0.1307 0.0024 1.81  0.2237 0.2441 0.2270 0.2316 0.0110 4.75 
2 1 P038 0.1370 0.1295 0.1252 0.1306 0.0059 4.55  0.1529 0.1383 0.1274 0.1395 0.0128 9.19 
2 2 P038 0.1438 0.1581 0.1604 0.1541 0.0090 5.86  0.3290 0.2981 0.3148 0.3140 0.0155 4.93 
2 3 P038 0.1140 0.1334 0.1244 0.1239 0.0098 7.87  0.1671 0.1727 0.1692 0.1697 0.0028 1.66 
2 4 P038 0.1942 0.1956 0.1820 0.1906 0.0075 3.93  0.2954 0.2968 0.3187 0.3036 0.0131 4.31 
3 1 P038 0.2605 0.2977 0.2678 0.2753 0.0197 7.16  0.3113 0.3160 0.3535 0.3269 0.0232 7.08 
3 2 P038 0.1611 0.1456 0.1644 0.1570 0.0100 6.37  0.3712 0.4084 0.4128 0.3975 0.0228 5.74 
3 3 P038 0.1063 0.1142 0.1061 0.1088 0.0046 4.23  0.3337 0.3064 0.3460 0.3287 0.0203 6.17 
3 4 P038 0.1624 0.1541 0.1798 0.1654 0.0131 7.93  0.3948 0.3994 0.3574 0.3839 0.0231 6.01 
1 1 P039 0.1457 0.1534 0.1538 0.1510 0.0046 3.02  0.2987 0.3131 0.2835 0.2984 0.0148 4.96 
1 2 P039 0.1781 0.1904 0.1890 0.1858 0.0068 3.63  0.5197 0.5166 0.4687 0.5016 0.0286 5.70 
1 3 P039 0.1276 0.1291 0.1397 0.1321 0.0066 5.01  0.3196 0.3408 0.3489 0.3364 0.0151 4.50 
2 1 P039 0.1731 0.1686 0.1659 0.1692 0.0036 2.15  0.3131 0.3011 0.3240 0.3127 0.0114 3.65 
2 2 P039 0.2240 0.2282 0.2245 0.2256 0.0023 1.01  0.3395 0.3755 0.3548 0.3566 0.0181 5.06 
2 3 P039 0.1568 0.1607 0.1553 0.1576 0.0028 1.79  0.3074 0.2572 0.2872 0.2839 0.0253 8.90 
2 4 P039 0.2560 0.2511 0.2502 0.2524 0.0032 1.25  0.3508 0.3491 0.3552 0.3517 0.0031 0.89 
1 1 P040 0.1612 0.1513 0.1594 0.1573 0.0052 3.33  0.2663 0.2500 0.2693 0.2619 0.0104 3.97 
1 2 P040 0.3622 0.3439 0.3582 0.3548 0.0096 2.71  0.4476 0.4263 0.4471 0.4403 0.0122 2.76 
1 3 P040 0.1364 0.1394 0.1336 0.1365 0.0029 2.13  0.2945 0.2985 0.3076 0.3002 0.0067 2.23 
2 1 P040 0.1135 0.1181 0.1183 0.1166 0.0027 2.30  0.1099 0.1116 0.1042 0.1086 0.0038 3.54 
2 2 P040 0.1517 0.1450 0.1453 0.1473 0.0038 2.60  0.3854 0.3570 0.3195 0.3540 0.0331 9.34 
2 3 P040 0.1316 0.1322 0.1335 0.1324 0.0010 0.73  0.1151 0.1050 0.1271 0.1158 0.0110 9.53 
2 4 P040 0.1604 0.1526 0.1562 0.1564 0.0039 2.48  0.3728 0.3431 0.3621 0.3593 0.0150 4.18 
3 1 P040 0.1396 0.1454 0.1341 0.1397 0.0057 4.05  0.2089 0.2134 0.2206 0.2143 0.0059 2.75 
3 2 P040 0.1522 0.1492 0.1632 0.1549 0.0074 4.75  0.2238 0.2317 0.2112 0.2222 0.0104 4.66 
3 3 P040 0.1391 0.1362 0.1389 0.1381 0.0016 1.16  0.1244 0.1285 0.1103 0.1211 0.0095 7.84 
3 4 P040 0.1786 0.1645 0.1579 0.1670 0.0105 6.32  0.2355 0.2092 0.2401 0.2282 0.0167 7.31 
1 1 P041 0.1322 0.1355 0.1321 0.1333 0.0020 1.47  0.1791 0.2051 0.1895 0.1912 0.0131 6.83 
1 2 P041 0.1223 0.1387 0.1493 0.1368 0.0136 9.95  0.3183 0.3255 0.3243 0.3227 0.0038 1.18 
1 3 P041 0.1351 0.1381 0.1338 0.1357 0.0022 1.61  0.1341 0.1253 0.1305 0.1300 0.0044 3.40 
2 1 P041 0.1672 0.1688 0.1556 0.1639 0.0072 4.37  0.2056 0.1720 0.1906 0.1894 0.0168 8.90 
2 2 P041 0.2060 0.2080 0.2093 0.2078 0.0016 0.79  0.3997 0.4265 0.4071 0.4111 0.0139 3.37 
2 3 P041 0.1967 0.1951 0.1870 0.1929 0.0052 2.71  0.2326 0.2358 0.2602 0.2429 0.0151 6.22 
2 4 P041 0.2045 0.2029 0.1977 0.2017 0.0035 1.76  0.4270 0.4244 0.4133 0.4216 0.0073 1.74 
3 1 P041 0.0708 0.0690 0.0705 0.0701 0.0010 1.40  0.1338 0.1385 0.1311 0.1344 0.0037 2.78 
3 2 P041 0.1304 0.1416 0.1400 0.1373 0.0060 4.40  0.3981 0.3929 0.3910 0.3940 0.0037 0.93 
3 3 P041 0.1163 0.1031 0.1177 0.1124 0.0081 7.19  0.2177 0.2085 0.2276 0.2179 0.0096 4.40 
3 4 P041 0.1634 0.1458 0.1602 0.1565 0.0094 6.00  0.3724 0.4330 0.4345 0.4133 0.0355 8.58 
1 1 P042 0.1262 0.1281 0.1270 0.1271 0.0009 0.74  0.2175 0.2264 0.2177 0.2205 0.0051 2.32 
1 2 P042 0.1495 0.1573 0.1517 0.1529 0.0040 2.64  0.3422 0.3593 0.3534 0.3516 0.0087 2.48 
1 3 P042 0.1310 0.1343 0.1337 0.1330 0.0018 1.32  0.2674 0.2590 0.2475 0.2580 0.0100 3.89 
2 1 P042 0.1143 0.1103 0.1044 0.1097 0.0050 4.53  0.1153 0.1282 0.1348 0.1261 0.0099 7.88 
2 2 P042 0.0795 0.0849 0.0832 0.0825 0.0027 3.32  0.2357 0.2309 0.2295 0.2320 0.0032 1.39 
2 3 P042 0.1091 0.1086 0.1005 0.1061 0.0048 4.51  0.1194 0.1093 0.1230 0.1172 0.0071 6.08 
2 4 P042 0.0993 0.1049 0.1017 0.1020 0.0028 2.75  0.2074 0.2308 0.2359 0.2247 0.0152 6.77 
3 1 P042 0.1347 0.1401 0.1267 0.1338 0.0068 5.05  0.2250 0.1953 0.1998 0.2067 0.0160 7.73 
3 2 P042 0.1382 0.1418 0.1358 0.1386 0.0030 2.19  0.2140 0.1952 0.2002 0.2031 0.0097 4.78 
3 3 P042 0.1315 0.1429 0.1429 0.1391 0.0065 4.70  0.2286 0.2408 0.2521 0.2405 0.0118 4.89 
1 1 P043 0.0643 0.0669 0.0734 0.0682 0.0047 6.93  0.0571 0.0563 0.0556 0.0563 0.0007 1.30 
 256 
 
1 2 P043 0.1666 0.1509 0.1579 0.1585 0.0079 4.96  0.3524 0.3910 0.3321 0.3585 0.0299 8.35 
1 3 P043 0.1687 0.1516 0.1522 0.1575 0.0097 6.16  0.2781 0.2488 0.2877 0.2715 0.0202 7.46 
2 1 P043 0.2147 0.2131 0.1978 0.2085 0.0094 4.49  0.3554 0.3587 0.4148 0.3763 0.0334 8.87 
2 2 P043 0.2145 0.2154 0.1975 0.2091 0.0101 4.81  0.3922 0.4520 0.4524 0.4322 0.0346 8.01 
2 3 P043 0.2117 0.2097 0.2185 0.2133 0.0046 2.16  0.4048 0.3967 0.3548 0.3854 0.0268 6.95 
2 4 P043 0.2226 0.2117 0.2075 0.2139 0.0078 3.65  0.4701 0.4741 0.4778 0.4740 0.0038 0.80 
3 1 P043 0.2015 0.1857 0.1906 0.1926 0.0081 4.21  0.3674 0.3593 0.3658 0.3642 0.0043 1.17 
3 2 P043 0.1950 0.1874 0.1850 0.1892 0.0052 2.78  0.3663 0.4126 0.3515 0.3768 0.0319 8.46 
3 3 P043 0.1955 0.2042 0.1867 0.1955 0.0087 4.45  0.3325 0.2807 0.3210 0.3114 0.0272 8.74 
3 4 P043 0.1838 0.1906 0.1819 0.1854 0.0046 2.47  0.4261 0.4098 0.4166 0.4175 0.0082 1.96 
1 1 P044 0.1427 0.1421 0.1464 0.1437 0.0024 1.64  0.1859 0.2035 0.2134 0.2009 0.0139 6.94 
1 2 P044 0.1420 0.1474 0.1486 0.1460 0.0035 2.39  0.3345 0.3348 0.3147 0.3280 0.0115 3.52 
1 3 P044 0.1545 0.1493 0.1544 0.1527 0.0030 1.93  0.2389 0.2363 0.2344 0.2365 0.0023 0.96 
2 1 P044 0.1632 0.1599 0.1522 0.1584 0.0056 3.56  0.0938 0.0917 0.0864 0.0906 0.0038 4.19 
2 2 P044 0.1915 0.1900 0.2043 0.1952 0.0078 4.02  0.3802 0.3622 0.3662 0.3695 0.0094 2.55 
2 3 P044 0.1932 0.1836 0.1853 0.1874 0.0052 2.75  0.2145 0.2083 0.2130 0.2119 0.0032 1.53 
2 4 P044 0.2032 0.2080 0.1945 0.2019 0.0069 3.41  0.3657 0.3631 0.3761 0.3683 0.0068 1.86 
3 1 P044 0.1434 0.1534 0.1405 0.1458 0.0068 4.67  0.0936 0.0878 0.0806 0.0874 0.0065 7.47 
3 2 P044 0.2105 0.2447 0.2440 0.2331 0.0195 8.38  0.3490 0.3635 0.3716 0.3614 0.0114 3.16 
3 3 P044 0.1376 0.1355 0.1370 0.1367 0.0011 0.82  0.2674 0.2383 0.2411 0.2489 0.0161 6.45 
3 4 P044 0.1620 0.1676 0.1619 0.1638 0.0032 1.98  0.3653 0.3688 0.3834 0.3725 0.0096 2.58 
1 1 P045 0.1489 0.1496 0.1526 0.1504 0.0020 1.32  0.3401 0.3553 0.3514 0.3489 0.0079 2.26 
1 2 P045 0.1651 0.1819 0.1679 0.1716 0.0090 5.23  0.3830 0.3740 0.3610 0.3727 0.0110 2.96 
1 3 P045 0.1397 0.1532 0.1482 0.1470 0.0068 4.63  0.2110 0.2082 0.2267 0.2153 0.0099 4.62 
2 1 P045 0.1764 0.1739 0.1803 0.1769 0.0032 1.82  0.2664 0.2447 0.2769 0.2627 0.0164 6.26 
2 2 P045 0.1826 0.1845 0.1862 0.1845 0.0018 0.98  0.3927 0.3757 0.4008 0.3897 0.0128 3.29 
2 3 P045 0.1705 0.1685 0.1743 0.1711 0.0030 1.74  0.2893 0.2946 0.3201 0.3013 0.0165 5.47 
2 4 P045 0.2520 0.2320 0.2574 0.2471 0.0133 5.40  0.3896 0.3674 0.3647 0.3739 0.0137 3.66 
3 1 P045 0.0725 0.0761 0.0766 0.0751 0.0023 3.01  0.0645 0.0719 0.0661 0.0675 0.0039 5.80 
3 2 P045 0.1989 0.2240 0.2202 0.2144 0.0135 6.31  0.4955 0.4368 0.5106 0.4810 0.0390 8.11 
3 3 P045 0.1918 0.2002 0.1983 0.1968 0.0044 2.22  0.3930 0.3658 0.3867 0.3819 0.0143 3.73 
3 4 P045 0.2807 0.2537 0.2575 0.2639 0.0146 5.54  0.4638 0.3906 0.4482 0.4342 0.0385 8.88 
1 1 P046 0.1243 0.1255 0.1276 0.1258 0.0017 1.33  0.0893 0.0822 0.0777 0.0831 0.0059 7.07 
1 2 P046 0.1747 0.1929 0.1802 0.1826 0.0093 5.11  0.3290 0.2918 0.3309 0.3173 0.0221 6.95 
1 3 P046 0.2462 0.2119 0.2195 0.2258 0.0180 7.98  0.2455 0.2242 0.2362 0.2353 0.0107 4.55 
2 1 P046 0.2188 0.2154 0.2175 0.2172 0.0017 0.77  0.2747 0.2640 0.2776 0.2721 0.0072 2.64 
2 2 P046 0.2265 0.2213 0.2113 0.2197 0.0078 3.53  0.3444 0.3376 0.3409 0.3410 0.0034 1.00 
2 3 P046 0.1880 0.2066 0.2071 0.2006 0.0109 5.45  0.2933 0.2713 0.2515 0.2721 0.0209 7.69 
2 4 P046 0.2109 0.1979 0.2158 0.2082 0.0092 4.43  0.3122 0.3420 0.3479 0.3340 0.0191 5.72 
3 1 P046 0.1494 0.1412 0.1375 0.1427 0.0061 4.29  0.1045 0.1238 0.1150 0.1144 0.0097 8.47 
3 2 P046 0.1865 0.1748 0.1842 0.1819 0.0062 3.43  0.1741 0.2006 0.2005 0.1917 0.0153 7.98 
3 3 P046 0.2036 0.1897 0.1813 0.1915 0.0112 5.86  0.2029 0.1921 0.1754 0.1901 0.0139 7.30 
1 1 P047 0.0695 0.0720 0.0744 0.0720 0.0025 3.44  0.0465 0.0448 0.0397 0.0437 0.0036 8.20 
1 2 P047 0.1375 0.1317 0.1417 0.1370 0.0050 3.67  0.3777 0.3364 0.3457 0.3532 0.0217 6.13 
1 3 P047 0.0731 0.0669 0.0658 0.0686 0.0039 5.71  0.0623 0.0622 0.0652 0.0632 0.0017 2.66 
2 1 P047 0.1099 0.1128 0.1058 0.1095 0.0035 3.23  0.0660 0.0645 0.0629 0.0645 0.0015 2.33 
2 2 P047 0.1293 0.1229 0.1312 0.1278 0.0043 3.40  0.2894 0.2592 0.2611 0.2699 0.0169 6.27 
2 3 P047 0.0952 0.0970 0.1008 0.0977 0.0028 2.91  0.0657 0.0601 0.0539 0.0599 0.0059 9.81 
2 4 P047 0.1603 0.1484 0.1580 0.1556 0.0063 4.06  0.2451 0.2508 0.2421 0.2460 0.0044 1.80 
3 1 P047 0.1438 0.1490 0.1422 0.1450 0.0035 2.44  0.1195 0.1269 0.1264 0.1243 0.0041 3.33 
3 2 P047 0.1537 0.1808 0.1601 0.1649 0.0142 8.60  0.4085 0.3971 0.4154 0.4070 0.0093 2.28 
3 3 P047 0.1686 0.1750 0.1702 0.1713 0.0033 1.95  0.1176 0.1116 0.1143 0.1145 0.0030 2.63 
1 1 P048 0.0590 0.0643 0.0554 0.0596 0.0045 7.50  0.0268 0.0296 0.0279 0.0281 0.0014 5.02 
1 2 P048 0.1612 0.1617 0.1659 0.1629 0.0026 1.60  0.3517 0.4272 0.3781 0.3857 0.0383 9.93 
1 3 P048 0.1901 0.1739 0.1967 0.1869 0.0118 6.29  0.2799 0.3049 0.3082 0.2977 0.0155 5.21 
2 1 P048 0.1638 0.1849 0.1796 0.1761 0.0110 6.22  0.1819 0.1869 0.1794 0.1827 0.0039 2.11 
2 2 P048 0.2134 0.2160 0.2114 0.2136 0.0023 1.08  0.4823 0.4426 0.4713 0.4654 0.0205 4.41 
2 3 P048 0.1701 0.2011 0.1958 0.1890 0.0166 8.76  0.3063 0.2991 0.3175 0.3076 0.0093 3.02 
2 4 P048 0.2327 0.2356 0.2359 0.2347 0.0017 0.74  0.4468 0.4603 0.4361 0.4477 0.0121 2.71 
3 1 P048 0.1624 0.1601 0.1592 0.1606 0.0017 1.05  0.2300 0.2004 0.2218 0.2174 0.0153 7.02 
 257 
 
3 2 P048 0.2383 0.2711 0.2750 0.2615 0.0202 7.72  0.5224 0.4994 0.4406 0.4875 0.0422 8.66 
3 3 P048 0.1635 0.1597 0.1618 0.1617 0.0019 1.15  0.3352 0.3251 0.3390 0.3331 0.0071 2.14 
3 4 P048 0.2093 0.2013 0.1830 0.1979 0.0135 6.81  0.4723 0.4639 0.4512 0.4625 0.0106 2.30 
1 1 P049 0.1580 0.1652 0.1634 0.1622 0.0037 2.31  0.1819 0.2156 0.2055 0.2010 0.0173 8.60 
1 2 P049 0.0992 0.0928 0.0915 0.0945 0.0041 4.37  0.1801 0.1659 0.1711 0.1724 0.0072 4.18 
1 3 P049 0.1512 0.1609 0.1574 0.1565 0.0049 3.12  0.1922 0.1855 0.1821 0.1866 0.0052 2.76 
2 1 P049 0.1906 0.1840 0.1867 0.1871 0.0033 1.77  0.1702 0.1695 0.1809 0.1735 0.0064 3.67 
2 2 P049 0.1938 0.1867 0.2004 0.1936 0.0068 3.53  0.3337 0.3581 0.3350 0.3423 0.0137 4.01 
2 3 P049 0.1841 0.1819 0.2004 0.1888 0.0101 5.34  0.1157 0.1117 0.1098 0.1124 0.0031 2.72 
2 4 P049 0.2352 0.2255 0.2319 0.2309 0.0050 2.15  0.2997 0.3391 0.2902 0.3096 0.0259 8.37 
3 1 P049 0.0892 0.0880 0.0754 0.0842 0.0077 9.10  0.1039 0.1081 0.0994 0.1038 0.0043 4.18 
3 2 P049 0.1404 0.1449 0.1229 0.1361 0.0117 8.56  0.2759 0.3254 0.3212 0.3075 0.0274 8.93 
3 3 P049 0.0974 0.1037 0.1018 0.1010 0.0033 3.24  0.1784 0.1944 0.1918 0.1882 0.0086 4.57 
3 4 P049 0.1047 0.1121 0.1167 0.1111 0.0061 5.45  0.2860 0.3195 0.3090 0.3048 0.0171 5.62 
1 1 P050 0.0906 0.0955 0.0895 0.0919 0.0032 3.51  0.1409 0.1424 0.1358 0.1397 0.0034 2.47 
1 2 P050 0.1774 0.1461 0.1595 0.1610 0.0157 9.74  0.3239 0.2893 0.3077 0.3070 0.0173 5.64 
1 3 P050 0.1553 0.1736 0.1588 0.1626 0.0097 5.98  0.2651 0.2549 0.2583 0.2594 0.0052 1.99 
2 1 P050 0.1744 0.1510 0.1725 0.1660 0.0130 7.81  0.2031 0.2021 0.2091 0.2047 0.0038 1.85 
2 2 P050 0.1758 0.1927 0.1897 0.1861 0.0090 4.83  0.4378 0.4359 0.3774 0.4170 0.0343 8.23 
2 3 P050 0.1677 0.1801 0.1801 0.1760 0.0071 4.06  0.2574 0.2553 0.2912 0.2679 0.0201 7.52 
2 4 P050 0.2367 0.2339 0.2355 0.2354 0.0014 0.61  0.3654 0.4164 0.4297 0.4038 0.0340 8.41 
3 1 P050 0.1105 0.1256 0.1211 0.1190 0.0078 6.51  0.2673 0.2615 0.3119 0.2803 0.0276 9.84 
3 2 P050 0.1318 0.1349 0.1437 0.1368 0.0062 4.52  0.3532 0.3399 0.3121 0.3351 0.0209 6.25 
3 3 P050 0.0881 0.0921 0.0966 0.0922 0.0042 4.61  0.2354 0.2210 0.2239 0.2268 0.0076 3.34 
3 4 P050 0.1266 0.1211 0.1250 0.1242 0.0028 2.26  0.3272 0.3902 0.3589 0.3588 0.0315 8.78 
1 1 P051 0.1749 0.1942 0.1884 0.1859 0.0099 5.33  0.2229 0.2304 0.2373 0.2302 0.0072 3.12 
1 2 P051 0.2174 0.2152 0.2117 0.2148 0.0029 1.33  0.4269 0.4306 0.4098 0.4224 0.0111 2.63 
1 3 P051 0.2205 0.1957 0.1909 0.2024 0.0159 7.85  0.3073 0.2953 0.2925 0.2984 0.0079 2.64 
2 1 P051 0.2248 0.2288 0.2341 0.2292 0.0047 2.04  0.3804 0.3384 0.4028 0.3739 0.0327 8.74 
2 2 P051 0.2652 0.2621 0.2482 0.2585 0.0091 3.50  0.4940 0.4290 0.4515 0.4582 0.0330 7.21 
2 3 P051 0.2227 0.2243 0.2197 0.2222 0.0023 1.05  0.4196 0.4147 0.4181 0.4175 0.0025 0.61 
2 4 P051 0.2359 0.2047 0.2013 0.2140 0.0191 8.92  0.4825 0.4294 0.4666 0.4595 0.0272 5.93 
3 1 P051 0.1987 0.2041 0.1896 0.1974 0.0073 3.70  0.2374 0.2230 0.2063 0.2222 0.0156 7.02 
3 2 P051 0.2066 0.2107 0.1945 0.2039 0.0084 4.12  0.4628 0.4178 0.4111 0.4306 0.0281 6.53 
3 3 P051 0.1843 0.2030 0.1935 0.1936 0.0094 4.83  0.3124 0.2651 0.2671 0.2815 0.0267 9.49 
3 4 P051 0.1873 0.1959 0.2029 0.1954 0.0078 4.00  0.4543 0.4389 0.3930 0.4287 0.0319 7.44 
1 1 P052 0.1553 0.1559 0.1480 0.1531 0.0044 2.89  0.2867 0.2794 0.2991 0.2884 0.0100 3.46 
1 2 P052 0.1964 0.1995 0.1924 0.1961 0.0036 1.82  0.3538 0.3818 0.3973 0.3777 0.0221 5.84 
1 3 P052 0.1488 0.1561 0.1556 0.1535 0.0041 2.67  0.2885 0.2412 0.2657 0.2652 0.0237 8.93 
2 1 P052 0.1684 0.1786 0.1716 0.1729 0.0052 3.02  0.1849 0.1616 0.1585 0.1683 0.0144 8.56 
2 2 P052 0.2870 0.3242 0.3212 0.3108 0.0207 6.65  0.4859 0.4737 0.4966 0.4854 0.0115 2.37 
2 3 P052 0.2472 0.2463 0.2286 0.2407 0.0105 4.34  0.3778 0.3884 0.3825 0.3829 0.0053 1.39 
2 4 P052 0.2259 0.2056 0.2150 0.2155 0.0102 4.73  0.4815 0.4929 0.5073 0.4939 0.0129 2.62 
3 1 P052 0.2342 0.2253 0.2342 0.2312 0.0051 2.20  0.3542 0.3467 0.4141 0.3717 0.0370 9.94 
3 2 P052 0.2276 0.2441 0.2142 0.2286 0.0150 6.55  0.4757 0.4822 0.4659 0.4746 0.0082 1.73 
3 3 P052 0.2133 0.2157 0.2176 0.2156 0.0021 0.99  0.3438 0.3019 0.3172 0.3210 0.0212 6.61 
3 4 P052 0.2254 0.2293 0.2108 0.2218 0.0097 4.39  0.4991 0.5052 0.4693 0.4912 0.0192 3.91 
1 1 P053 0.0760 0.0803 0.0817 0.0793 0.0030 3.77  0.0549 0.0620 0.0622 0.0597 0.0041 6.94 
1 2 P053 0.2264 0.2186 0.2152 0.2201 0.0058 2.62  0.3805 0.4017 0.4056 0.3959 0.0135 3.42 
1 3 P053 0.2029 0.1966 0.2028 0.2008 0.0036 1.81  0.4062 0.3580 0.3924 0.3855 0.0248 6.43 
2 1 P053 0.1973 0.2003 0.1966 0.1980 0.0019 0.98  0.2048 0.1972 0.2151 0.2057 0.0090 4.36 
2 2 P053 0.2206 0.2308 0.2288 0.2267 0.0054 2.38  0.4562 0.4885 0.4788 0.4745 0.0166 3.50 
2 3 P053 0.2081 0.2090 0.2170 0.2114 0.0049 2.32  0.3698 0.3551 0.4071 0.3773 0.0268 7.11 
2 4 P053 0.2598 0.2371 0.2234 0.2401 0.0184 7.65  0.4737 0.4796 0.4392 0.4642 0.0218 4.69 
3 1 P053 0.1586 0.1592 0.1785 0.1654 0.0113 6.86  0.3036 0.2801 0.2815 0.2884 0.0132 4.57 
3 2 P053 0.1595 0.1527 0.1479 0.1534 0.0058 3.78  0.4018 0.3822 0.4219 0.4020 0.0198 4.93 
3 3 P053 0.1352 0.1362 0.1419 0.1378 0.0036 2.61  0.3224 0.3207 0.3722 0.3385 0.0293 8.65 
3 4 P053 0.1667 0.1780 0.1612 0.1686 0.0086 5.10  0.4066 0.4662 0.4526 0.4418 0.0312 7.07 
1 1 P054 0.2147 0.2536 0.2554 0.2412 0.0230 9.54  0.3465 0.3888 0.3972 0.3775 0.0272 7.21 
1 2 P054 0.1896 0.2103 0.2209 0.2070 0.0159 7.68  0.3336 0.3262 0.3785 0.3461 0.0283 8.18 
 258 
 
1 3 P054 0.2023 0.1903 0.1818 0.1915 0.0103 5.36  0.2729 0.2755 0.2892 0.2792 0.0088 3.14 
2 1 P054 0.1800 0.2026 0.2151 0.1992 0.0178 8.94  0.4218 0.4197 0.4177 0.4198 0.0020 0.49 
2 2 P054 0.2370 0.2335 0.2466 0.2390 0.0068 2.82  0.5289 0.4801 0.4993 0.5028 0.0246 4.89 
2 3 P054 0.2183 0.2131 0.2261 0.2192 0.0065 2.97  0.3749 0.3912 0.4263 0.3975 0.0263 6.61 
2 4 P054 0.2170 0.2187 0.1893 0.2083 0.0165 7.90  0.4130 0.4408 0.4924 0.4488 0.0403 8.98 
3 1 P054 0.1996 0.1991 0.2037 0.2008 0.0025 1.26  0.2925 0.2922 0.3088 0.2978 0.0095 3.20 
3 2 P054 0.2423 0.2424 0.2409 0.2419 0.0008 0.34  0.4795 0.4718 0.4218 0.4577 0.0313 6.85 
3 3 P054 0.2028 0.2312 0.2369 0.2236 0.0183 8.17  0.4573 0.4016 0.4029 0.4206 0.0318 7.56 
3 4 P054 0.2579 0.2671 0.2483 0.2578 0.0094 3.65  0.4863 0.4786 0.4584 0.4745 0.0144 3.03 
1 1 P055 0.1329 0.1152 0.1283 0.1255 0.0092 7.33  0.1915 0.2106 0.1899 0.1974 0.0115 5.84 
1 2 P055 0.2256 0.2055 0.1945 0.2085 0.0158 7.56  0.3285 0.3072 0.3337 0.3231 0.0141 4.35 
1 3 P055 0.1541 0.1646 0.1573 0.1587 0.0054 3.37  0.3002 0.3058 0.2857 0.2972 0.0104 3.48 
2 1 P055 0.1597 0.1711 0.1574 0.1627 0.0073 4.48  0.2402 0.2453 0.2691 0.2515 0.0154 6.14 
2 2 P055 0.2044 0.2060 0.1948 0.2017 0.0060 2.99  0.3816 0.4288 0.3801 0.3968 0.0277 6.97 
2 3 P055 0.1570 0.1571 0.1328 0.1490 0.0140 9.41  0.2584 0.2686 0.2606 0.2625 0.0054 2.06 
2 4 P055 0.1934 0.1914 0.2030 0.1959 0.0062 3.15  0.3713 0.4250 0.3781 0.3915 0.0293 7.47 
3 1 P055 0.1421 0.1424 0.1414 0.1420 0.0006 0.39  0.2145 0.1918 0.1799 0.1954 0.0176 8.99 
3 2 P055 0.1313 0.1264 0.1474 0.1350 0.0110 8.13  0.3752 0.3995 0.4059 0.3936 0.0162 4.11 
3 3 P055 0.1083 0.1189 0.0973 0.1082 0.0108 9.97  0.2516 0.2323 0.2689 0.2509 0.0183 7.30 
3 4 P055 0.1803 0.2167 0.2019 0.1996 0.0183 9.17  0.4085 0.4174 0.3553 0.3937 0.0336 8.54 
1 1 P056 0.1061 0.1033 0.1094 0.1063 0.0030 2.84  0.1409 0.1408 0.1520 0.1446 0.0064 4.44 
1 2 P056 0.1317 0.1314 0.1342 0.1324 0.0016 1.17  0.2519 0.2669 0.2257 0.2482 0.0208 8.39 
1 3 P056 0.1228 0.1263 0.1294 0.1262 0.0033 2.63  0.2528 0.2562 0.2319 0.2470 0.0132 5.34 
2 1 P056 0.1151 0.1222 0.1316 0.1230 0.0083 6.72  0.1432 0.1267 0.1461 0.1387 0.0105 7.54 
2 2 P056 0.1329 0.1511 0.1496 0.1445 0.0101 7.00  0.3451 0.3171 0.3245 0.3289 0.0145 4.41 
2 3 P056 0.1242 0.1261 0.1088 0.1197 0.0095 7.94  0.1392 0.1416 0.1364 0.1391 0.0026 1.86 
2 4 P056 0.1468 0.1457 0.1683 0.1536 0.0128 8.31  0.3032 0.2868 0.3016 0.2972 0.0090 3.04 
3 1 P056 0.1812 0.1714 0.1874 0.1800 0.0080 4.47  0.1936 0.1818 0.1689 0.1815 0.0124 6.83 
3 2 P056 0.2075 0.2106 0.1978 0.2053 0.0067 3.27  0.2013 0.2043 0.2279 0.2112 0.0146 6.91 
3 3 P056 0.2870 0.2674 0.2708 0.2751 0.0105 3.80  0.1783 0.1766 0.1812 0.1787 0.0023 1.30 
1 1 P057 0.1816 0.1559 0.1690 0.1688 0.0128 7.61  0.1759 0.1582 0.1615 0.1652 0.0094 5.69 
1 2 P057 0.2782 0.2451 0.2759 0.2664 0.0185 6.94  0.4425 0.4646 0.4107 0.4393 0.0271 6.18 
1 3 P057 0.2283 0.2278 0.2229 0.2263 0.0030 1.32  0.3603 0.3699 0.3877 0.3726 0.0139 3.72 
2 1 P057 0.2070 0.2107 0.1874 0.2017 0.0125 6.20  0.3731 0.4391 0.3960 0.4027 0.0335 8.33 
2 2 P057 0.2796 0.2633 0.2506 0.2645 0.0145 5.49  0.5689 0.4973 0.5099 0.5254 0.0382 7.28 
2 3 P057 0.2487 0.2410 0.2425 0.2441 0.0041 1.68  0.4429 0.4179 0.4866 0.4491 0.0348 7.75 
2 4 P057 0.2803 0.2677 0.2778 0.2753 0.0067 2.43  0.5100 0.4431 0.4787 0.4773 0.0335 7.01 
3 1 P057 0.1614 0.1479 0.1359 0.1484 0.0128 8.59  0.2978 0.2950 0.3240 0.3056 0.0160 5.24 
3 2 P057 0.2276 0.2250 0.2506 0.2344 0.0141 6.02  0.4979 0.4670 0.4686 0.4778 0.0174 3.64 
3 3 P057 0.2007 0.1904 0.1745 0.1885 0.0132 7.00  0.4541 0.4108 0.4506 0.4385 0.0241 5.49 
3 4 P057 0.2165 0.2043 0.2180 0.2129 0.0075 3.53  0.4750 0.4549 0.4973 0.4757 0.0212 4.46 
1 1 P058 0.0975 0.1101 0.1177 0.1084 0.0102 9.38  0.1248 0.1183 0.1259 0.1230 0.0041 3.30 
1 2 P058 0.2129 0.1898 0.2239 0.2089 0.0174 8.33  0.2506 0.2711 0.2657 0.2625 0.0106 4.05 
1 3 P058 0.1816 0.1700 0.1820 0.1779 0.0068 3.85  0.2134 0.2156 0.2134 0.2141 0.0013 0.60 
2 1 P058 0.1360 0.1390 0.1439 0.1396 0.0040 2.86  0.1346 0.1447 0.1522 0.1438 0.0089 6.16 
2 2 P058 0.1474 0.1578 0.1484 0.1512 0.0057 3.79  0.3507 0.3619 0.3649 0.3591 0.0075 2.08 
2 3 P058 0.1269 0.1260 0.1318 0.1282 0.0031 2.44  0.3390 0.3441 0.3321 0.3384 0.0060 1.77 
2 4 P058 0.1186 0.1298 0.1378 0.1287 0.0097 7.50  0.3237 0.3193 0.3265 0.3232 0.0036 1.13 
3 1 P058 0.1372 0.1427 0.1221 0.1340 0.0107 7.96  0.1758 0.1982 0.1799 0.1846 0.0119 6.47 
3 2 P058 0.1967 0.1729 0.1748 0.1815 0.0132 7.29  0.2720 0.2925 0.2872 0.2839 0.0106 3.75 
3 3 P058 0.1634 0.1729 0.1694 0.1686 0.0048 2.85  0.2328 0.2348 0.2339 0.2338 0.0010 0.44 
1 1 P059 0.0988 0.0952 0.1041 0.0994 0.0044 4.47  0.1947 0.1744 0.1938 0.1876 0.0115 6.12 
1 2 P059 0.2304 0.2318 0.2330 0.2317 0.0013 0.56  0.3201 0.3043 0.3478 0.3241 0.0220 6.80 
1 3 P059 0.1822 0.1660 0.1821 0.1768 0.0093 5.25  0.2954 0.3083 0.3214 0.3084 0.0130 4.23 
2 1 P059 0.1466 0.1505 0.1459 0.1476 0.0025 1.67  0.1654 0.1607 0.1693 0.1651 0.0043 2.60 
2 2 P059 0.1783 0.1691 0.1709 0.1728 0.0048 2.80  0.2719 0.2785 0.2975 0.2826 0.0133 4.69 
2 3 P059 0.1773 0.1740 0.1776 0.1763 0.0020 1.14  0.2407 0.2658 0.2703 0.2589 0.0160 6.17 
2 4 P059 0.1438 0.1618 0.1721 0.1592 0.0143 8.98  0.2794 0.2606 0.2824 0.2741 0.0118 4.31 
3 1 P059 0.1075 0.0992 0.0935 0.1000 0.0070 7.02  0.3326 0.3413 0.3558 0.3433 0.0117 3.42 
3 2 P059 0.1528 0.1623 0.1394 0.1515 0.0115 7.58  0.3558 0.3654 0.3586 0.3599 0.0050 1.38 
 259 
 
3 3 P059 0.1380 0.1329 0.1173 0.1294 0.0108 8.32  0.3451 0.3125 0.3343 0.3306 0.0166 5.03 
3 4 P059 0.1254 0.1328 0.1356 0.1313 0.0053 4.01  0.3333 0.3517 0.3440 0.3430 0.0092 2.69 
1 1 P060 0.1576 0.1471 0.1579 0.1542 0.0062 4.01  0.3677 0.3268 0.3683 0.3542 0.0238 6.71 
1 2 P060 0.1389 0.1431 0.1611 0.1477 0.0118 7.96  0.3370 0.3844 0.3853 0.3689 0.0276 7.49 
1 3 P060 0.1660 0.1753 0.1683 0.1699 0.0049 2.87  0.3937 0.3632 0.3703 0.3757 0.0160 4.25 
2 1 P060 0.0915 0.0953 0.0993 0.0954 0.0039 4.12  0.1211 0.1165 0.1053 0.1143 0.0081 7.09 
2 2 P060        0.3990 0.3998 0.4386 0.4125 0.0226 5.48 
2 3 P060 0.2188 0.2226 0.1960 0.2125 0.0144 6.78  0.2624 0.2616 0.2984 0.2741 0.0210 7.67 
2 4 P060 0.2452 0.2441 0.2465 0.2453 0.0012 0.48  0.4035 0.4521 0.4849 0.4468 0.0410 9.17 
3 1 P060 0.1243 0.1104 0.1029 0.1125 0.0108 9.64  0.1044 0.1092 0.1177 0.1104 0.0068 6.12 
3 2 P060 0.1645 0.1599 0.1611 0.1618 0.0024 1.47  0.3512 0.3490 0.2980 0.3327 0.0301 9.06 
3 3 P060 0.1262 0.1222 0.1178 0.1221 0.0042 3.43  0.2615 0.2670 0.2710 0.2665 0.0048 1.78 
3 4 P060 0.1263 0.1206 0.1039 0.1169 0.0117 9.97  0.3145 0.3088 0.2730 0.2988 0.0225 7.53 
1 1 P061 0.1486 0.1573 0.1567 0.1542 0.0049 3.15  0.1857 0.1788 0.2099 0.1915 0.0163 8.52 
1 2 P061 0.1865 0.2076 0.2000 0.1980 0.0107 5.39  0.2195 0.2304 0.2434 0.2311 0.0120 5.18 
1 3 P061 0.1771 0.1871 0.1740 0.1794 0.0069 3.82  0.1849 0.1681 0.1995 0.1842 0.0157 8.52 
2 1 P061 0.2329 0.2696 0.2654 0.2560 0.0201 7.85  0.5354 0.5053 0.5071 0.5159 0.0169 3.27 
2 2 P061 0.2585 0.2470 0.2417 0.2491 0.0086 3.45  0.5088 0.4922 0.5123 0.5044 0.0108 2.13 
2 3 P061 0.2831 0.2844 0.2784 0.2820 0.0032 1.13  0.4915 0.4788 0.4750 0.4817 0.0087 1.80 
2 4 P061 0.2905 0.2782 0.2541 0.2743 0.0185 6.75  0.4968 0.5037 0.5042 0.5016 0.0041 0.82 
3 1 P061 0.1661 0.1796 0.1735 0.1731 0.0068 3.90  0.3114 0.3231 0.3488 0.3277 0.0191 5.84 
3 2 P061 0.2461 0.2776 0.2453 0.2563 0.0184 7.18  0.4308 0.4865 0.4329 0.4500 0.0316 7.01 
3 3 P061 0.2104 0.2011 0.2157 0.2091 0.0074 3.54  0.4604 0.4163 0.4359 0.4375 0.0221 5.05 
3 4 P061 0.2640 0.2220 0.2393 0.2418 0.0211 8.73  0.4218 0.4483 0.4878 0.4526 0.0332 7.34 
1 1 P062 0.0703 0.0750 0.0790 0.0748 0.0044 5.84  0.0296 0.0324 0.0302 0.0307 0.0015 4.82 
1 2 P062 0.2201 0.2147 0.2348 0.2232 0.0104 4.66  0.4076 0.4336 0.4420 0.4277 0.0179 4.19 
1 3 P062 0.0902 0.1044 0.1063 0.1003 0.0088 8.77  0.0479 0.0432 0.0427 0.0446 0.0028 6.36 
2 1 P062 0.1051 0.1175 0.1010 0.1079 0.0086 7.96  0.2657 0.2503 0.2312 0.2491 0.0173 6.93 
2 2 P062 0.3383 0.3218 0.3302 0.3301 0.0083 2.50  0.3989 0.3805 0.3757 0.3851 0.0123 3.19 
2 3 P062 0.1285 0.1370 0.1546 0.1400 0.0133 9.49  0.0878 0.0975 0.0846 0.0900 0.0067 7.43 
2 4 P062 0.2399 0.2479 0.2593 0.2491 0.0098 3.92  0.3566 0.3432 0.3490 0.3496 0.0067 1.92 
3 1 P062 0.1605 0.1837 0.1917 0.1786 0.0162 9.08  0.3417 0.2941 0.3370 0.3243 0.0263 8.10 
3 2 P062 0.3179 0.3138 0.3646 0.3321 0.0282 8.49  0.3933 0.4014 0.4187 0.4045 0.0129 3.20 
3 3 P062 0.2217 0.2129 0.2128 0.2158 0.0051 2.38  0.3070 0.2815 0.2734 0.2873 0.0176 6.11 
3 4 P062 0.3402 0.3121 0.3322 0.3282 0.0145 4.41  0.3909 0.4162 0.3832 0.3968 0.0173 4.35 
1 1 P063 0.1417 0.1504 0.1451 0.1457 0.0044 2.99  0.2333 0.2183 0.2088 0.2201 0.0124 5.61 
1 2 P063 0.1806 0.1664 0.1856 0.1775 0.0100 5.62  0.3375 0.3565 0.3233 0.3391 0.0166 4.91 
1 3 P063 0.1394 0.1530 0.1488 0.1471 0.0069 4.71  0.1543 0.1455 0.1699 0.1566 0.0124 7.89 
1 1 P064 0.1282 0.1353 0.1525 0.1387 0.0125 9.00  0.1397 0.1414 0.1541 0.1451 0.0079 5.46 
1 2 P064 0.1789 0.1737 0.1769 0.1765 0.0026 1.49  0.3926 0.4235 0.4386 0.4182 0.0234 5.60 
1 3 P064 0.1613 0.1688 0.1701 0.1667 0.0048 2.86  0.3471 0.3285 0.2916 0.3224 0.0283 8.77 
2 1 P064 0.1495 0.1639 0.1651 0.1595 0.0087 5.44  0.2621 0.2592 0.2672 0.2628 0.0041 1.54 
2 2 P064 0.2263 0.2343 0.2321 0.2309 0.0041 1.79  0.4011 0.4363 0.3869 0.4081 0.0254 6.23 
2 3 P064 0.1777 0.1850 0.1815 0.1814 0.0037 2.03  0.3680 0.3398 0.3352 0.3477 0.0178 5.11 
2 4 P064 0.1916 0.1968 0.1659 0.1847 0.0165 8.95  0.3949 0.3717 0.3457 0.3708 0.0246 6.64 
3 1 P064 0.2354 0.2096 0.2261 0.2237 0.0131 5.84  0.2451 0.2431 0.2561 0.2481 0.0070 2.81 
3 2 P064 0.1951 0.2012 0.1897 0.1953 0.0058 2.95  0.4250 0.3989 0.4023 0.4087 0.0142 3.48 
3 3 P064 0.1841 0.2044 0.2046 0.1977 0.0118 5.97  0.3977 0.3852 0.4104 0.3978 0.0126 3.17 
3 4 P064 0.2167 0.2167 0.2529 0.2288 0.0209 9.15  0.4629 0.4920 0.4593 0.4714 0.0179 3.80 
1 1 P065 0.0965 0.0907 0.0982 0.0951 0.0039 4.10  0.0853 0.0779 0.0779 0.0804 0.0043 5.33 
1 2 P065 0.1846 0.2006 0.1965 0.1939 0.0083 4.29  0.3258 0.2863 0.3268 0.3129 0.0231 7.38 
1 3 P065 0.1570 0.1608 0.1387 0.1522 0.0118 7.74  0.0898 0.0795 0.0862 0.0852 0.0053 6.17 
2 1 P065 0.1860 0.1830 0.1744 0.1811 0.0060 3.31  0.2000 0.1972 0.1904 0.1959 0.0050 2.53 
2 2 P065 0.2484 0.2314 0.2249 0.2349 0.0121 5.16  0.4403 0.4294 0.4376 0.4358 0.0057 1.31 
2 3 P065 0.1894 0.1930 0.1997 0.1940 0.0052 2.70  0.4655 0.4332 0.3899 0.4295 0.0380 8.84 
2 4 P065 0.2227 0.2451 0.2260 0.2313 0.0121 5.22  0.4259 0.4414 0.4370 0.4348 0.0080 1.84 
3 1 P065 0.1990 0.1971 0.1946 0.1969 0.0022 1.10  0.2073 0.2012 0.1960 0.2015 0.0057 2.82 
3 2 P065 0.2688 0.2600 0.2639 0.2642 0.0044 1.67  0.2909 0.2851 0.2777 0.2846 0.0066 2.32 
3 3 P065 0.2037 0.2322 0.2062 0.2140 0.0158 7.38  0.3937 0.3777 0.3959 0.3891 0.0099 2.55 
1 1 P066 0.1525 0.1450 0.1281 0.1419 0.0125 8.80  0.1663 0.1659 0.1617 0.1646 0.0026 1.55 
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1 2 P066 0.2246 0.2059 0.2040 0.2115 0.0114 5.38  0.3448 0.3328 0.3720 0.3499 0.0201 5.74 
1 3 P066 0.1724 0.1649 0.1712 0.1695 0.0040 2.38  0.2934 0.2707 0.2805 0.2815 0.0114 4.04 
2 1 P066 0.2534 0.2396 0.2435 0.2455 0.0071 2.90  0.1860 0.1872 0.1879 0.1870 0.0010 0.53 
2 2 P066        0.5314 0.4758 0.5322 0.5131 0.0324 6.31 
2 3 P066 0.2104 0.1973 0.2175 0.2084 0.0102 4.91  0.2338 0.2154 0.2365 0.2286 0.0115 5.01 
2 4 P066 0.2593 0.2838 0.2928 0.2786 0.0173 6.21  0.4741 0.5139 0.5086 0.4988 0.0216 4.34 
3 1 P066 0.1720 0.1700 0.1727 0.1716 0.0014 0.81  0.1018 0.1114 0.0994 0.1042 0.0064 6.11 
3 2 P066 0.1982 0.1844 0.1820 0.1882 0.0087 4.64  0.3754 0.4021 0.4048 0.3941 0.0162 4.12 
3 3 P066 0.0809 0.0885 0.0734 0.0809 0.0075 9.29  0.1484 0.1414 0.1459 0.1452 0.0036 2.45 
3 4 P066 0.2123 0.2174 0.2190 0.2162 0.0035 1.61  0.3766 0.4055 0.3411 0.3744 0.0323 8.62 
1 1 P067 0.0674 0.0691 0.0676 0.0680 0.0009 1.36  0.1367 0.1380 0.1429 0.1392 0.0033 2.34 
1 2 P067 0.1392 0.1500 0.1261 0.1384 0.0120 8.64  0.3011 0.2914 0.3098 0.3007 0.0092 3.07 
1 3 P067 0.1183 0.1193 0.1270 0.1215 0.0048 3.94  0.1130 0.1060 0.1129 0.1106 0.0040 3.63 
2 1 P067 0.1499 0.1545 0.1556 0.1533 0.0030 1.98  0.2491 0.2439 0.2521 0.2483 0.0041 1.67 
2 2 P067 0.1579 0.1539 0.1449 0.1522 0.0067 4.39  0.3856 0.3373 0.3654 0.3628 0.0242 6.68 
2 3 P067 0.1346 0.1320 0.1349 0.1338 0.0016 1.20  0.1658 0.1511 0.1599 0.1589 0.0074 4.67 
2 4 P067 0.1599 0.1609 0.1600 0.1603 0.0005 0.34  0.2890 0.3312 0.3338 0.3180 0.0252 7.91 
3 1 P067 0.0763 0.0865 0.0852 0.0827 0.0056 6.74  0.2339 0.2177 0.2582 0.2366 0.0204 8.62 
3 2 P067 0.1446 0.1425 0.1276 0.1382 0.0093 6.70  0.3312 0.3585 0.3574 0.3490 0.0155 4.44 
3 3 P067 0.1239 0.1194 0.1091 0.1175 0.0076 6.43  0.2276 0.2384 0.2504 0.2388 0.0114 4.76 
3 4 P067 0.1285 0.1123 0.1091 0.1166 0.0104 8.92  0.3340 0.3478 0.3151 0.3323 0.0164 4.94 
1 1 P068 0.1154 0.1320 0.1152 0.1209 0.0097 8.00  0.2015 0.2271 0.2233 0.2173 0.0138 6.34 
1 2 P068 0.1210 0.1149 0.1157 0.1172 0.0033 2.86  0.2087 0.2066 0.2184 0.2112 0.0063 2.98 
1 3 P068 0.1160 0.1102 0.1100 0.1120 0.0034 3.03  0.3593 0.3656 0.3684 0.3644 0.0047 1.28 
2 1 P068 0.2376 0.2110 0.2259 0.2248 0.0133 5.93  0.4115 0.4597 0.4844 0.4518 0.0371 8.21 
2 2 P068 0.2118 0.2327 0.2324 0.2256 0.0120 5.33  0.5400 0.5662 0.5134 0.5399 0.0264 4.90 
2 3 P068 0.2087 0.2156 0.2428 0.2224 0.0180 8.09  0.5160 0.4574 0.4927 0.4887 0.0295 6.04 
2 4 P068 0.2968 0.2981 0.2932 0.2960 0.0025 0.85  0.6192 0.5686 0.6004 0.5961 0.0256 4.29 
3 1 P068 0.1464 0.1632 0.1441 0.1512 0.0104 6.89  0.3561 0.4044 0.4310 0.3972 0.0380 9.56 
3 2 P068 0.2601 0.2759 0.2294 0.2551 0.0236 9.26  0.4486 0.4783 0.4261 0.4510 0.0262 5.81 
3 3 P068 0.2100 0.1958 0.1810 0.1956 0.0145 7.42  0.3690 0.4027 0.4286 0.4001 0.0299 7.48 
3 4 P068 0.2614 0.2398 0.2591 0.2535 0.0119 4.69  0.4697 0.4869 0.4583 0.4716 0.0144 3.06 
1 1 P069 0.1269 0.1189 0.1218 0.1225 0.0041 3.33  0.0437 0.0469 0.0419 0.0442 0.0025 5.68 
1 2 P069 0.1848 0.1859 0.1788 0.1832 0.0038 2.09  0.3327 0.3176 0.3346 0.3283 0.0093 2.83 
1 3 P069 0.1606 0.1644 0.1597 0.1616 0.0025 1.55  0.0714 0.0742 0.0678 0.0711 0.0033 4.57 
2 1 P069 0.1616 0.1704 0.1608 0.1643 0.0053 3.23  0.2808 0.3338 0.3012 0.3053 0.0268 8.77 
2 2 P069 0.1838 0.2105 0.1931 0.1958 0.0136 6.93  0.3564 0.3886 0.3771 0.3740 0.0163 4.35 
2 3 P069 0.1826 0.1984 0.1746 0.1852 0.0121 6.54  0.3645 0.3555 0.3666 0.3622 0.0059 1.63 
2 4 P069 0.1527 0.1640 0.1550 0.1572 0.0060 3.81  0.3073 0.2776 0.3097 0.2982 0.0179 5.99 
3 1 P069 0.1268 0.1358 0.1430 0.1352 0.0081 6.01  0.5180 0.5601 0.5076 0.5286 0.0278 5.26 
3 2 P069 0.1819 0.1819 0.1650 0.1763 0.0098 5.55  0.3675 0.3649 0.3792 0.3706 0.0076 2.06 
3 3 P069 0.1491 0.1524 0.1487 0.1501 0.0020 1.36  0.2653 0.2559 0.2961 0.2724 0.0210 7.72 
3 4 P069 0.2085 0.2049 0.2035 0.2056 0.0026 1.24  0.3759 0.3298 0.3646 0.3568 0.0240 6.73 
1 1 P070 0.1306 0.1291 0.1266 0.1288 0.0021 1.60  0.1471 0.1541 0.1568 0.1526 0.0050 3.29 
1 2 P070 0.1930 0.1864 0.1914 0.1902 0.0034 1.79  0.3159 0.3195 0.3427 0.3260 0.0146 4.47 
1 3 P070 0.1398 0.1294 0.1359 0.1350 0.0053 3.89  0.1785 0.1644 0.1753 0.1727 0.0074 4.28 
2 1 P070 0.1641 0.1771 0.1568 0.1660 0.0103 6.19  0.2065 0.2357 0.2156 0.2192 0.0149 6.82 
2 2 P070 0.1852 0.1916 0.1910 0.1893 0.0035 1.87  0.3907 0.3686 0.4142 0.3912 0.0228 5.83 
2 3 P070 0.1874 0.1883 0.1854 0.1870 0.0015 0.79  0.3104 0.3283 0.3036 0.3141 0.0128 4.07 
2 4 P070 0.1778 0.2045 0.2153 0.1992 0.0193 9.70  0.3909 0.3959 0.3860 0.3909 0.0050 1.27 
3 1 P070 0.1467 0.1552 0.1505 0.1508 0.0042 2.80  0.1986 0.1827 0.2201 0.2005 0.0188 9.36 
3 2 P070 0.1568 0.1681 0.1684 0.1644 0.0066 4.02  0.3240 0.3371 0.3546 0.3386 0.0154 4.54 
3 3 P070 0.1386 0.1515 0.1443 0.1448 0.0065 4.47  0.2833 0.3083 0.2986 0.2967 0.0126 4.24 
3 4 P070 0.1463 0.1447 0.1422 0.1444 0.0021 1.43  0.3631 0.3255 0.3283 0.3390 0.0209 6.17 
1 1 P071 0.0936 0.0815 0.0845 0.0865 0.0063 7.29  0.1100 0.1065 0.1104 0.1090 0.0021 1.97 
1 2 P071 0.1858 0.1905 0.1751 0.1838 0.0079 4.30  0.4493 0.4324 0.4140 0.4319 0.0176 4.09 
1 3 P071 0.1500 0.1435 0.1620 0.1518 0.0094 6.19  0.3515 0.3651 0.3540 0.3568 0.0073 2.04 
2 1 P071 0.1228 0.1324 0.1360 0.1304 0.0068 5.25  0.1248 0.1254 0.1249 0.1250 0.0004 0.28 
2 2 P071 0.1389 0.1386 0.1478 0.1418 0.0053 3.72  0.3350 0.3362 0.3371 0.3361 0.0011 0.32 
2 3 P071 0.1887 0.1901 0.1866 0.1885 0.0018 0.95  0.2644 0.2836 0.2642 0.2707 0.0112 4.12 
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2 4 P071 0.2367 0.2163 0.2148 0.2226 0.0122 5.50  0.3731 0.3636 0.3396 0.3588 0.0172 4.81 
3 1 P071 0.1232 0.1185 0.1197 0.1205 0.0024 2.03  0.1584 0.1455 0.1488 0.1509 0.0067 4.45 
3 2 P071 0.1984 0.2106 0.1885 0.1992 0.0111 5.57  0.3990 0.4335 0.4357 0.4228 0.0206 4.87 
3 3 P071 0.1764 0.1568 0.1636 0.1656 0.0099 6.01  0.3145 0.3362 0.3416 0.3308 0.0143 4.33 
3 4 P071 0.1844 0.1902 0.1913 0.1886 0.0037 1.96  0.4002 0.4253 0.4534 0.4263 0.0266 6.24 
1 1 P072 0.1742 0.1632 0.1689 0.1688 0.0055 3.27  0.0643 0.0590 0.0676 0.0636 0.0043 6.80 
1 2 P072 0.2433 0.2456 0.2280 0.2390 0.0096 4.00  0.3122 0.3542 0.3481 0.3381 0.0227 6.71 
1 3 P072 0.2055 0.2072 0.2087 0.2071 0.0016 0.77  0.1930 0.1891 0.1865 0.1895 0.0033 1.72 
2 1 P072 0.2219 0.2257 0.2111 0.2195 0.0076 3.45  0.2717 0.2763 0.2827 0.2769 0.0055 1.99 
2 2 P072 0.2796 0.3025 0.3327 0.3049 0.0266 8.73  0.4363 0.4842 0.5182 0.4796 0.0411 8.57 
2 3 P072 0.2489 0.2461 0.2175 0.2375 0.0174 7.31  0.4523 0.4395 0.4186 0.4368 0.0171 3.90 
2 4 P072 0.2984 0.2745 0.2443 0.2724 0.0271 9.96  0.5114 0.4359 0.4543 0.4672 0.0394 8.43 
3 1 P072 0.2118 0.1783 0.1905 0.1935 0.0169 8.75  0.2657 0.2708 0.2455 0.2607 0.0134 5.13 
3 2 P072 0.2451 0.2378 0.2255 0.2361 0.0099 4.19  0.3787 0.3980 0.4350 0.4039 0.0286 7.08 
3 3 P072 0.1996 0.2045 0.2013 0.2018 0.0025 1.24  0.3805 0.3364 0.3872 0.3680 0.0276 7.49 
3 4 P072 0.2085 0.2109 0.2034 0.2076 0.0038 1.83  0.4306 0.3797 0.3986 0.4030 0.0257 6.39 
1 1 P073 0.0750 0.0770 0.0845 0.0788 0.0050 6.36  0.3702 0.3397 0.3180 0.3426 0.0262 7.65 
1 2 P073 0.1684 0.1717 0.1666 0.1689 0.0026 1.54  0.2605 0.2792 0.2993 0.2797 0.0194 6.93 
1 3 P073 0.2481 0.2132 0.2370 0.2328 0.0178 7.67  0.2032 0.2153 0.2206 0.2130 0.0090 4.20 
2 1 P073 0.2549 0.2789 0.2856 0.2731 0.0161 5.90  0.1256 0.1156 0.1133 0.1182 0.0065 5.51 
2 2 P073 0.1546 0.1506 0.1684 0.1578 0.0093 5.91  0.3006 0.2810 0.3356 0.3058 0.0277 9.05 
2 3 P073 0.2185 0.2069 0.2107 0.2120 0.0059 2.79  0.2419 0.2672 0.2587 0.2559 0.0129 5.04 
2 4 P073 0.2116 0.2020 0.1998 0.2045 0.0063 3.07  0.2984 0.3253 0.3213 0.3150 0.0145 4.61 
1 1 P074 0.1252 0.1357 0.1366 0.1325 0.0063 4.78  0.2094 0.2132 0.2476 0.2234 0.0210 9.41 
1 2 P074 0.1454 0.1584 0.1686 0.1574 0.0116 7.38  0.3457 0.3689 0.3859 0.3668 0.0202 5.50 
1 3 P074 0.2327 0.2079 0.2377 0.2261 0.0160 7.07  0.1954 0.1796 0.2163 0.1971 0.0184 9.33 
2 1 P074 0.1581 0.1425 0.1530 0.1512 0.0079 5.24  0.1460 0.1376 0.1338 0.1391 0.0062 4.49 
2 2 P074 0.2287 0.2722 0.2319 0.2443 0.0242 9.93  0.3540 0.3808 0.4219 0.3856 0.0342 8.87 
2 3 P074 0.1490 0.1513 0.1541 0.1515 0.0026 1.70  0.1176 0.1129 0.1138 0.1147 0.0025 2.15 
2 4 P074 0.2660 0.2450 0.2252 0.2454 0.0204 8.31  0.3481 0.3725 0.3764 0.3657 0.0153 4.19 
3 1 P074 0.1792 0.1772 0.1803 0.1789 0.0016 0.88  0.2535 0.2992 0.2964 0.2830 0.0256 9.05 
3 2 P074 0.1861 0.2123 0.2133 0.2039 0.0155 7.58  0.3768 0.4233 0.3990 0.3997 0.0233 5.83 
3 3 P074 0.2020 0.2155 0.2222 0.2132 0.0103 4.84  0.3010 0.3643 0.3497 0.3383 0.0331 9.80 
3 4 P074 0.1976 0.2341 0.2353 0.2223 0.0214 9.63  0.3818 0.4199 0.4252 0.4090 0.0237 5.79 
1 1 P075 0.1214 0.1275 0.1201 0.1230 0.0039 3.19  0.2738 0.3216 0.2869 0.2941 0.0247 8.40 
1 2 P075 0.1384 0.1309 0.1417 0.1370 0.0055 4.03  0.3626 0.3308 0.3203 0.3379 0.0220 6.52 
1 3 P075 0.1551 0.1364 0.1392 0.1436 0.0101 7.03  0.2837 0.3053 0.2929 0.2940 0.0108 3.68 
1 1 P076 0.1309 0.1106 0.1259 0.1225 0.0106 8.63  0.3311 0.3161 0.3269 0.3247 0.0077 2.39 
1 2 P076 0.1362 0.1400 0.1572 0.1445 0.0112 7.72  0.3852 0.3664 0.3853 0.3790 0.0109 2.87 
1 3 P076 0.1356 0.1547 0.1511 0.1471 0.0101 6.89  0.3493 0.3454 0.3720 0.3555 0.0144 4.05 
2 1 P076 0.1610 0.1620 0.1777 0.1669 0.0094 5.62  0.3113 0.3396 0.3588 0.3366 0.0239 7.10 
2 2 P076 0.1683 0.1841 0.1694 0.1740 0.0088 5.08  0.3722 0.3901 0.4463 0.4029 0.0387 9.60 
2 3 P076 0.1799 0.2015 0.1822 0.1879 0.0119 6.31  0.3712 0.3582 0.3637 0.3644 0.0065 1.80 
2 4 P076 0.2002 0.1979 0.1938 0.1973 0.0032 1.65  0.3721 0.4095 0.4108 0.3975 0.0220 5.53 
3 1 P076 0.1228 0.1253 0.1324 0.1268 0.0050 3.91  0.2635 0.2381 0.2867 0.2628 0.0243 9.25 
3 2 P076 0.1671 0.1621 0.1540 0.1611 0.0066 4.13  0.4148 0.4383 0.4030 0.4187 0.0179 4.29 
3 3 P076 0.1617 0.1406 0.1470 0.1498 0.0108 7.23  0.3217 0.3144 0.3266 0.3209 0.0061 1.91 
3 4 P076 0.1566 0.1516 0.1494 0.1526 0.0037 2.43  0.4143 0.4103 0.4470 0.4238 0.0201 4.75 
1 1 P077 0.1558 0.1528 0.1576 0.1554 0.0025 1.58  0.3583 0.3348 0.3919 0.3617 0.0287 7.93 
1 2 P077 0.1400 0.1455 0.1374 0.1410 0.0042 2.96  0.3104 0.3347 0.3493 0.3315 0.0196 5.93 
1 3 P077 0.1492 0.1464 0.1464 0.1473 0.0016 1.08  0.3253 0.3386 0.3651 0.3430 0.0202 5.90 
2 1 P077 0.1773 0.1746 0.1656 0.1725 0.0062 3.57  0.4040 0.4340 0.3555 0.3978 0.0396 9.95 
2 2 P077 0.1899 0.1838 0.1833 0.1856 0.0037 1.98  0.4342 0.3662 0.4404 0.4136 0.0412 9.96 
2 3 P077 0.1695 0.1738 0.1698 0.1710 0.0024 1.39  0.3698 0.4400 0.4158 0.4085 0.0357 8.73 
2 4 P077 0.1545 0.1786 0.1692 0.1675 0.0121 7.25  0.4322 0.4191 0.4307 0.4273 0.0071 1.67 
3 1 P077 0.1623 0.1687 0.1601 0.1637 0.0044 2.72  0.3598 0.4093 0.3978 0.3890 0.0259 6.66 
3 2 P077 0.1961 0.1802 0.1882 0.1882 0.0079 4.20  0.3975 0.3558 0.3862 0.3798 0.0216 5.68 
3 3 P077 0.1748 0.1734 0.1656 0.1713 0.0050 2.89  0.3880 0.3189 0.3467 0.3512 0.0347 9.89 
3 4 P077 0.1542 0.1512 0.1670 0.1574 0.0084 5.34  0.3442 0.3792 0.3490 0.3575 0.0189 5.30 
1 1 P078 0.2816 0.3137 0.2606 0.2853 0.0267 9.37  0.3715 0.3274 0.3150 0.3380 0.0297 8.80 
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1 2 P078 0.1065 0.1065 0.1013 0.1048 0.0030 2.89  0.3608 0.3632 0.3751 0.3663 0.0077 2.09 
1 3 P078 0.1828 0.1901 0.1920 0.1883 0.0049 2.59  0.3404 0.3390 0.3420 0.3405 0.0015 0.44 
2 1 P078 0.1452 0.1421 0.1460 0.1445 0.0021 1.42  0.2628 0.2972 0.2738 0.2779 0.0176 6.32 
2 2 P078 0.1383 0.1471 0.1464 0.1439 0.0049 3.38  0.3319 0.3185 0.3435 0.3313 0.0125 3.79 
2 3 P078 0.1546 0.1596 0.1633 0.1592 0.0044 2.76  0.2412 0.2253 0.2123 0.2263 0.0145 6.41 
2 4 P078 0.2456 0.2126 0.2328 0.2303 0.0166 7.23  0.3516 0.3777 0.3248 0.3514 0.0265 7.53 
3 1 P078 0.1024 0.1107 0.1040 0.1057 0.0044 4.12  0.3296 0.2966 0.2960 0.3074 0.0192 6.26 
3 2 P078 0.0984 0.0909 0.0923 0.0939 0.0040 4.27  0.4068 0.3606 0.3473 0.3715 0.0312 8.40 
3 3 P078 0.1041 0.0978 0.1176 0.1065 0.0101 9.50  0.0894 0.0847 0.1014 0.0918 0.0086 9.38 
3 4 P078 0.1574 0.1553 0.1442 0.1523 0.0071 4.66  0.3879 0.4073 0.3599 0.3851 0.0238 6.18 
1 1 P079 0.1347 0.1302 0.1348 0.1332 0.0027 1.99  0.1788 0.1777 0.1959 0.1842 0.0102 5.54 
1 2 P079 0.1845 0.1895 0.1855 0.1865 0.0026 1.42  0.3679 0.3623 0.3513 0.3605 0.0084 2.33 
1 3 P079 0.1203 0.1400 0.1386 0.1330 0.0110 8.25  0.2191 0.2078 0.2109 0.2126 0.0059 2.75 
1 1 P080 0.1846 0.1614 0.1658 0.1706 0.0123 7.24  0.0758 0.0678 0.0713 0.0716 0.0040 5.59 
1 2 P080 0.2233 0.2202 0.2191 0.2208 0.0022 0.98  0.3936 0.4064 0.3767 0.3922 0.0149 3.80 
1 3 P080 0.1929 0.1852 0.1839 0.1873 0.0049 2.60  0.2824 0.2852 0.2808 0.2828 0.0023 0.80 
2 1 P080 0.2370 0.2440 0.2356 0.2388 0.0045 1.88  0.3797 0.3463 0.3606 0.3622 0.0167 4.62 
2 2 P080 0.2323 0.2297 0.2191 0.2271 0.0070 3.08  0.3945 0.3792 0.3872 0.3870 0.0077 1.98 
2 3 P080 0.2352 0.2157 0.2160 0.2223 0.0112 5.04  0.3220 0.3284 0.3347 0.3284 0.0064 1.94 
2 4 P080 0.2174 0.2164 0.2326 0.2221 0.0091 4.08  0.3158 0.3351 0.3330 0.3280 0.0106 3.22 
3 1 P080 0.1018 0.0980 0.1041 0.1013 0.0031 3.01  0.2357 0.2377 0.2506 0.2414 0.0081 3.36 
3 2 P080 0.1117 0.1079 0.0960 0.1052 0.0082 7.82  0.3066 0.3203 0.3329 0.3200 0.0131 4.11 
3 3 P080 0.0898 0.0960 0.0836 0.0898 0.0062 6.89  0.1809 0.1600 0.1671 0.1693 0.0106 6.25 
3 4 P080 0.1229 0.1176 0.1104 0.1170 0.0063 5.39  0.3211 0.3334 0.2851 0.3132 0.0251 8.00 
1 1 P081 0.1421 0.1475 0.1494 0.1463 0.0038 2.58  0.0757 0.0740 0.0781 0.0759 0.0021 2.74 
1 2 P081 0.1790 0.1952 0.2045 0.1929 0.0129 6.69  0.3335 0.3491 0.3921 0.3582 0.0303 8.47 
1 3 P081 0.1568 0.1553 0.1561 0.1560 0.0008 0.49  0.2962 0.2742 0.2688 0.2797 0.0145 5.18 
2 1 P081 0.0903 0.0924 0.0962 0.0930 0.0030 3.22  0.0812 0.0832 0.0869 0.0838 0.0029 3.48 
2 2 P081 0.2106 0.2320 0.2506 0.2311 0.0200 8.66  0.3627 0.3690 0.3605 0.3641 0.0044 1.22 
2 3 P081 0.1802 0.1790 0.1950 0.1847 0.0089 4.83  0.2486 0.2331 0.2733 0.2517 0.0203 8.07 
2 4 P081 0.2015 0.1974 0.1905 0.1965 0.0056 2.83  0.3560 0.3454 0.3354 0.3456 0.0103 2.99 
3 1 P081 0.1344 0.1410 0.1445 0.1400 0.0051 3.66  0.0581 0.0530 0.0566 0.0559 0.0026 4.70 
3 2 P081 0.1892 0.1961 0.2058 0.1970 0.0084 4.24  0.2135 0.2231 0.2083 0.2150 0.0075 3.49 
3 3 P081 0.1504 0.1671 0.1409 0.1528 0.0133 8.69  0.1365 0.1584 0.1336 0.1428 0.0136 9.49 
1 1 P082 0.1281 0.1317 0.1314 0.1304 0.0020 1.54  0.0800 0.0780 0.0735 0.0772 0.0033 4.34 
1 2 P082 0.1659 0.1647 0.1622 0.1642 0.0019 1.15  0.3702 0.4073 0.4018 0.3931 0.0200 5.10 
1 3 P082 0.1469 0.1497 0.1474 0.1480 0.0015 1.00  0.3006 0.3193 0.3141 0.3113 0.0096 3.10 
2 1 P082 0.0887 0.0928 0.1059 0.0958 0.0090 9.38  0.1223 0.1182 0.1117 0.1174 0.0054 4.58 
2 2 P082 0.1717 0.1688 0.1720 0.1708 0.0018 1.03  0.3469 0.3853 0.3927 0.3750 0.0246 6.55 
2 3 P082 0.1883 0.2046 0.1998 0.1976 0.0084 4.24  0.2621 0.2790 0.2784 0.2732 0.0096 3.50 
2 4 P082 0.1944 0.1995 0.1886 0.1942 0.0055 2.82  0.4050 0.3623 0.4072 0.3915 0.0253 6.46 
3 1 P082 0.1211 0.1262 0.1351 0.1275 0.0071 5.56  0.1306 0.1301 0.1205 0.1271 0.0057 4.47 
3 2 P082 0.1444 0.1463 0.1422 0.1443 0.0020 1.41  0.3431 0.3464 0.3201 0.3365 0.0143 4.25 
3 3 P082 0.1345 0.1341 0.1312 0.1333 0.0018 1.33  0.3162 0.3091 0.3497 0.3250 0.0217 6.67 
3 4 P082 0.1943 0.1735 0.1793 0.1824 0.0107 5.88  0.3971 0.3376 0.3800 0.3716 0.0306 8.24 
1 1 P083 0.1062 0.1171 0.1160 0.1131 0.0060 5.30  0.1280 0.1241 0.1186 0.1236 0.0047 3.80 
1 2 P083 0.1598 0.1545 0.1552 0.1565 0.0029 1.84  0.3496 0.3534 0.3475 0.3502 0.0030 0.86 
1 3 P083 0.1730 0.1645 0.1561 0.1645 0.0084 5.13  0.2742 0.2248 0.2515 0.2502 0.0247 9.88 
2 1 P083 0.1666 0.1600 0.1633 0.1633 0.0033 2.02  0.1538 0.1485 0.1491 0.1505 0.0029 1.94 
2 2 P083 0.1994 0.1949 0.1832 0.1925 0.0084 4.34  0.4018 0.4037 0.4428 0.4161 0.0231 5.56 
2 3 P083 0.1932 0.1844 0.1751 0.1842 0.0090 4.90  0.3261 0.3364 0.3521 0.3382 0.0131 3.87 
2 4 P083 0.2083 0.2215 0.1997 0.2098 0.0110 5.25  0.4099 0.4215 0.4263 0.4192 0.0084 2.01 
3 1 P083 0.0971 0.0917 0.0972 0.0953 0.0031 3.28  0.2784 0.2985 0.2537 0.2769 0.0225 8.11 
3 2 P083 0.1107 0.1089 0.1050 0.1082 0.0029 2.72  0.3806 0.3706 0.3549 0.3687 0.0130 3.51 
3 3 P083 0.0950 0.1115 0.1032 0.1032 0.0083 8.02  0.2613 0.2416 0.2517 0.2515 0.0098 3.91 
3 4 P083 0.1289 0.1304 0.1148 0.1247 0.0086 6.88  0.3717 0.3538 0.3633 0.3629 0.0090 2.47 
1 1 P084 0.1936 0.1661 0.1819 0.1805 0.0138 7.65  0.3687 0.3699 0.3557 0.3647 0.0079 2.16 
1 2 P084 0.1815 0.2024 0.2027 0.1956 0.0122 6.23  0.3977 0.4256 0.3802 0.4012 0.0229 5.71 
1 3 P084 0.2156 0.2138 0.2234 0.2176 0.0051 2.34  0.3632 0.4297 0.3837 0.3922 0.0341 8.68 
2 1 P084 0.1062 0.0912 0.1040 0.1005 0.0081 8.10  0.1644 0.1548 0.1450 0.1547 0.0097 6.26 
 263 
 
2 2 P084 0.2169 0.1994 0.1994 0.2052 0.0101 4.93  0.3432 0.3789 0.3848 0.3690 0.0225 6.10 
2 3 P084 0.1641 0.1701 0.1785 0.1709 0.0072 4.23  0.2041 0.1898 0.1699 0.1879 0.0172 9.15 
2 4 P084 0.1804 0.2080 0.2029 0.1971 0.0147 7.44  0.3921 0.4107 0.4337 0.4122 0.0208 5.05 
3 1 P084 0.1454 0.1192 0.1320 0.1322 0.0131 9.90  0.1799 0.1603 0.1538 0.1647 0.0135 8.23 
3 2 P084 0.1942 0.1847 0.1922 0.1904 0.0050 2.64  0.2366 0.2296 0.2133 0.2265 0.0120 5.29 
3 3 P084 0.1716 0.1446 0.1466 0.1543 0.0151 9.77  0.1714 0.1798 0.1654 0.1722 0.0072 4.19 
1 1 P085 0.1359 0.1393 0.1357 0.1370 0.0020 1.45  0.1282 0.1173 0.1073 0.1176 0.0105 8.92 
1 2 P085 0.1930 0.1864 0.1914 0.1902 0.0034 1.79  0.3879 0.3864 0.3969 0.3904 0.0057 1.46 
1 3 P085 0.1825 0.1653 0.1936 0.1805 0.0143 7.90  0.3089 0.3100 0.3285 0.3158 0.0110 3.49 
2 1 P085 0.0893 0.0964 0.0980 0.0946 0.0046 4.92  0.1640 0.1625 0.1751 0.1672 0.0069 4.12 
2 2 P085 0.1468 0.1286 0.1423 0.1392 0.0095 6.80  0.2859 0.2785 0.2906 0.2850 0.0061 2.13 
2 3 P085 0.1167 0.1217 0.1098 0.1161 0.0060 5.17  0.1801 0.1596 0.1740 0.1712 0.0105 6.14 
2 4 P085 0.1306 0.1275 0.1255 0.1279 0.0026 2.00  0.3349 0.3340 0.3175 0.3288 0.0098 2.99 
3 1 P085 0.1147 0.1170 0.1170 0.1162 0.0013 1.12  0.1512 0.1469 0.1679 0.1553 0.0111 7.14 
3 2 P085 0.1906 0.1817 0.1782 0.1835 0.0064 3.49  0.2461 0.2428 0.2396 0.2428 0.0032 1.34 
3 3 P085 0.1254 0.1204 0.1193 0.1217 0.0033 2.68  0.2128 0.1928 0.1961 0.2006 0.0107 5.34 
1 1 P086 0.0989 0.0961 0.1081 0.1010 0.0062 6.18  0.0816 0.0769 0.0826 0.0804 0.0030 3.79 
1 2 P086 0.2488 0.2295 0.2432 0.2405 0.0099 4.13  0.6304 0.6160 0.6163 0.6209 0.0082 1.32 
1 3 P086 0.1828 0.1994 0.1850 0.1891 0.0090 4.78  0.3037 0.3232 0.3451 0.3240 0.0207 6.40 
2 1 P086 0.2101 0.1959 0.1862 0.1974 0.0120 6.09  0.3680 0.4021 0.4158 0.3953 0.0246 6.23 
2 2 P086 0.3170 0.3127 0.3094 0.3130 0.0038 1.22  0.4414 0.4189 0.4304 0.4302 0.0113 2.62 
2 3 P086 0.2684 0.2508 0.2595 0.2596 0.0088 3.39  0.4189 0.3617 0.3547 0.3785 0.0352 9.31 
2 4 P086 0.3147 0.3278 0.3452 0.3292 0.0153 4.65  0.4066 0.4162 0.4449 0.4226 0.0199 4.71 
3 1 P086 0.1637 0.1717 0.1747 0.1700 0.0057 3.33  0.2189 0.1923 0.1897 0.2003 0.0162 8.07 
3 2 P086 0.1621 0.1723 0.1646 0.1663 0.0053 3.18  0.3245 0.3827 0.3883 0.3652 0.0353 9.67 
3 3 P086 0.1808 0.1777 0.1810 0.1799 0.0018 1.02  0.3173 0.3064 0.3134 0.3124 0.0055 1.77 
3 4 P086 0.1980 0.1979 0.2035 0.1998 0.0032 1.61  0.3805 0.4390 0.4225 0.4140 0.0302 7.29 
1 1 P087 0.1185 0.1097 0.1150 0.1144 0.0044 3.86  0.2913 0.2712 0.3004 0.2877 0.0150 5.20 
1 2 P087 0.1482 0.1414 0.1396 0.1431 0.0046 3.19  0.3765 0.3644 0.3777 0.3729 0.0073 1.97 
1 3 P087 0.1243 0.1121 0.1316 0.1227 0.0099 8.03  0.3135 0.2785 0.2649 0.2856 0.0251 8.78 
2 1 P087 0.1850 0.1575 0.1562 0.1662 0.0162 9.76  0.4128 0.4271 0.4189 0.4196 0.0072 1.71 
2 2 P087 0.1476 0.1709 0.1762 0.1649 0.0153 9.25  0.4880 0.4922 0.5175 0.4992 0.0160 3.20 
2 3 P087 0.1426 0.1728 0.1660 0.1605 0.0158 9.88  0.4374 0.4446 0.4396 0.4406 0.0037 0.84 
2 4 P087 0.1276 0.1484 0.1420 0.1393 0.0107 7.65  0.4331 0.4642 0.4490 0.4488 0.0156 3.47 
3 1 P087 0.2338 0.2212 0.2018 0.2189 0.0161 7.37  0.5626 0.5268 0.5423 0.5439 0.0179 3.30 
3 2 P087 0.2870 0.2647 0.2723 0.2746 0.0113 4.13  0.5576 0.5641 0.5408 0.5541 0.0120 2.17 
3 3 P087 0.3134 0.3094 0.3067 0.3098 0.0034 1.10  0.5527 0.5798 0.5985 0.5770 0.0230 3.99 
3 4 P087 0.3530 0.3952 0.3749 0.3744 0.0211 5.64  0.5146 0.4606 0.5255 0.5003 0.0348 6.95 
1 1 P088 0.1195 0.1090 0.1207 0.1164 0.0064 5.54  0.2660 0.2481 0.2679 0.2607 0.0110 4.20 
1 2 P088 0.1475 0.1469 0.1563 0.1502 0.0052 3.48  0.3933 0.3486 0.4075 0.3831 0.0307 8.02 
1 3 P088 0.1121 0.1316 0.1298 0.1245 0.0108 8.66  0.3153 0.3220 0.3124 0.3165 0.0049 1.55 
1 1 P089 0.2064 0.2358 0.2258 0.2226 0.0150 6.72  0.3999 0.3864 0.3746 0.3870 0.0127 3.27 
1 2 P089 0.2034 0.2345 0.2477 0.2285 0.0227 9.95  0.5025 0.4676 0.4760 0.4820 0.0182 3.78 
1 3 P089 0.2016 0.2234 0.2454 0.2235 0.0219 9.81  0.3746 0.3625 0.3860 0.3744 0.0117 3.13 
2 1 P089 0.2092 0.2153 0.2247 0.2164 0.0078 3.60  0.4229 0.4137 0.4888 0.4418 0.0409 9.26 
2 2 P089 0.2722 0.2673 0.2618 0.2671 0.0052 1.95  0.4812 0.4772 0.5222 0.4935 0.0249 5.04 
2 3 P089 0.2331 0.2377 0.2490 0.2399 0.0082 3.43  0.4739 0.3994 0.4573 0.4435 0.0391 8.82 
2 4 P089 0.2340 0.2467 0.2729 0.2512 0.0198 7.89  0.4456 0.4639 0.4623 0.4573 0.0101 2.22 
3 1 P089 0.2008 0.1887 0.2042 0.1979 0.0081 4.11  0.4107 0.4373 0.4394 0.4291 0.0160 3.72 
3 2 P089 0.1919 0.2098 0.2076 0.2031 0.0098 4.81  0.3947 0.4330 0.4557 0.4278 0.0308 7.20 
3 3 P089 0.2069 0.2059 0.1959 0.2029 0.0061 3.01  0.3996 0.3467 0.3942 0.3801 0.0291 7.66 
3 4 P089 0.2102 0.2081 0.2027 0.2070 0.0039 1.88  0.3316 0.3470 0.3753 0.3513 0.0221 6.30 
1 1 P090 0.2096 0.2163 0.2080 0.2113 0.0044 2.06  0.2381 0.2462 0.2789 0.2544 0.0216 8.49 
1 2 P090 0.2483 0.2638 0.2591 0.2571 0.0080 3.10  0.4905 0.4632 0.4559 0.4699 0.0182 3.88 
1 3 P090 0.2406 0.2510 0.2662 0.2526 0.0129 5.11  0.3748 0.4088 0.3851 0.3896 0.0174 4.48 
2 1 P090 0.1724 0.1719 0.1460 0.1635 0.0151 9.24  0.2093 0.2187 0.2096 0.2125 0.0054 2.52 
2 2 P090 0.2278 0.2690 0.2412 0.2460 0.0210 8.56  0.3162 0.3037 0.3283 0.3161 0.0123 3.88 
2 3 P090 0.2097 0.2266 0.1897 0.2086 0.0185 8.86  0.2862 0.3076 0.2899 0.2946 0.0115 3.90 
2 4 P090 0.2063 0.2082 0.1804 0.1983 0.0155 7.84  0.4042 0.3547 0.4041 0.3877 0.0285 7.36 
3 1 P090 0.1795 0.1969 0.1935 0.1900 0.0092 4.85  0.2611 0.2345 0.2389 0.2449 0.0143 5.83 
 264 
 
3 2 P090 0.1908 0.1895 0.2220 0.2008 0.0184 9.16  0.4317 0.4024 0.4100 0.4147 0.0152 3.67 
3 3 P090 0.2083 0.1847 0.1856 0.1929 0.0134 6.94  0.2859 0.2754 0.3033 0.2882 0.0141 4.89 
3 4 P090 0.1747 0.1740 0.1795 0.1761 0.0030 1.70  0.3828 0.4357 0.3796 0.3994 0.0315 7.88 
1 1 P091 0.0980 0.0985 0.0959 0.0975 0.0014 1.39  0.0645 0.0662 0.0602 0.0636 0.0031 4.81 
1 2 P091 0.1030 0.0997 0.1028 0.1019 0.0019 1.82  0.2301 0.2400 0.2302 0.2334 0.0057 2.45 
1 3 P091 0.1024 0.1033 0.0966 0.1008 0.0036 3.62  0.2055 0.1738 0.1983 0.1925 0.0166 8.64 
2 1 P091 0.1475 0.1505 0.1494 0.1491 0.0015 1.01  0.1800 0.1761 0.1930 0.1830 0.0088 4.83 
2 2 P091 0.1958 0.2261 0.2255 0.2158 0.0173 8.03  0.3562 0.3363 0.3131 0.3352 0.0215 6.42 
2 3 P091 0.1799 0.1796 0.1850 0.1815 0.0030 1.66  0.1915 0.1858 0.1992 0.1922 0.0067 3.50 
2 4 P091 0.2477 0.2358 0.2405 0.2413 0.0060 2.49  0.3805 0.3600 0.3785 0.3730 0.0113 3.04 
3 1 P091 0.2298 0.2379 0.2295 0.2324 0.0048 2.06  0.5050 0.5059 0.4836 0.4982 0.0126 2.54 
3 2 P091 0.1841 0.1926 0.2014 0.1927 0.0087 4.50  0.4386 0.4388 0.4484 0.4419 0.0056 1.27 
3 3 P091 0.1784 0.1783 0.1973 0.1847 0.0109 5.91  0.3913 0.4491 0.4017 0.4141 0.0308 7.43 
3 4 P091 0.2006 0.1962 0.1939 0.1969 0.0034 1.73  0.4926 0.4515 0.4967 0.4803 0.0250 5.20 
1 1 P092 0.1436 0.1402 0.1340 0.1393 0.0048 3.48  0.1599 0.1545 0.1384 0.1509 0.0112 7.39 
1 2 P092 0.2283 0.2141 0.2173 0.2199 0.0074 3.38  0.2863 0.3272 0.3162 0.3099 0.0211 6.82 
1 3 P092 0.1347 0.1562 0.1424 0.1444 0.0109 7.55  0.1376 0.1457 0.1398 0.1410 0.0042 2.97 
2 1 P092 0.1363 0.1567 0.1613 0.1514 0.0133 8.77  0.2568 0.2407 0.2789 0.2588 0.0192 7.41 
2 2 P092 0.2255 0.2305 0.2234 0.2265 0.0036 1.59  0.3685 0.3562 0.3602 0.3616 0.0062 1.72 
2 3 P092 0.1806 0.1600 0.1733 0.1713 0.0105 6.12  0.2438 0.2184 0.2175 0.2265 0.0149 6.59 
2 4 P092 0.2668 0.2496 0.2601 0.2589 0.0087 3.34  0.4198 0.4030 0.4160 0.4129 0.0088 2.13 
3 1 P092 0.2145 0.1777 0.2080 0.2000 0.0196 9.82  0.3932 0.3870 0.3957 0.3920 0.0045 1.14 
3 2 P092 0.2268 0.2107 0.2175 0.2183 0.0081 3.69  0.4366 0.4397 0.4515 0.4426 0.0079 1.77 
3 3 P092 0.1799 0.1698 0.1528 0.1675 0.0137 8.17  0.3739 0.3579 0.3824 0.3714 0.0124 3.35 
3 4 P092 0.1910 0.2234 0.1916 0.2020 0.0185 9.16  0.4502 0.4385 0.4523 0.4470 0.0075 1.67 
1 1 P093 0.2171 0.2014 0.2039 0.2075 0.0084 4.05  0.3809 0.3357 0.3945 0.3704 0.0308 8.30 
1 2 P093 0.2277 0.1974 0.2124 0.2125 0.0152 7.13  0.3983 0.4384 0.4319 0.4228 0.0215 5.09 
1 3 P093 0.1835 0.1788 0.1779 0.1801 0.0030 1.69  0.3276 0.3923 0.3738 0.3646 0.0333 9.13 
2 1 P093 0.1830 0.1973 0.1958 0.1920 0.0078 4.08  0.3183 0.2613 0.2963 0.2919 0.0288 9.85 
2 2 P093 0.2358 0.2218 0.2037 0.2204 0.0161 7.32  0.4170 0.4344 0.4436 0.4317 0.0135 3.13 
2 3 P093 0.2189 0.2197 0.2162 0.2183 0.0019 0.85  0.3620 0.3820 0.3799 0.3746 0.0110 2.94 
2 4 P093 0.2318 0.2326 0.2545 0.2396 0.0129 5.38  0.4312 0.4396 0.4626 0.4445 0.0162 3.65 
3 1 P093 0.2554 0.2600 0.2654 0.2602 0.0050 1.91  0.4194 0.4439 0.4476 0.4370 0.0153 3.50 
3 2 P093 0.2345 0.2414 0.2493 0.2417 0.0074 3.05  0.5247 0.5245 0.5349 0.5280 0.0060 1.13 
3 3 P093 0.1910 0.2189 0.2153 0.2084 0.0152 7.28  0.4203 0.3782 0.3978 0.3988 0.0210 5.28 
3 4 P093 0.2223 0.2057 0.1833 0.2037 0.0196 9.62  0.4608 0.4233 0.4932 0.4591 0.0350 7.61 
1 1 P094 0.1841 0.1839 0.1633 0.1771 0.0120 6.76  0.1766 0.1676 0.1563 0.1668 0.0102 6.11 
1 2 P094 0.2445 0.2341 0.2337 0.2374 0.0061 2.58  0.5822 0.6037 0.6788 0.6216 0.0507 8.16 
1 3 P094 0.1602 0.1362 0.1538 0.1501 0.0124 8.29  0.3013 0.3056 0.3210 0.3093 0.0104 3.35 
2 1 P094 0.1938 0.1962 0.1787 0.1896 0.0095 5.02  0.3887 0.4033 0.3703 0.3874 0.0165 4.27 
2 2 P094 0.2405 0.2803 0.2725 0.2645 0.0211 7.97  0.4479 0.5263 0.5327 0.5023 0.0472 9.40 
2 3 P094 0.1379 0.1601 0.1559 0.1513 0.0118 7.78  0.3748 0.3596 0.3664 0.3669 0.0076 2.08 
2 4 P094 0.2242 0.2359 0.2114 0.2238 0.0123 5.48  0.4193 0.4666 0.4751 0.4537 0.0301 6.63 
3 1 P094 0.2323 0.2310 0.2262 0.2298 0.0032 1.38  0.4189 0.3821 0.4337 0.4116 0.0265 6.45 
3 2 P094 0.2712 0.2847 0.2813 0.2791 0.0070 2.51  0.5947 0.6190 0.5664 0.5934 0.0263 4.43 
3 3 P094 0.2228 0.2227 0.2190 0.2215 0.0021 0.96  0.4660 0.4082 0.4309 0.4350 0.0291 6.69 
3 4 P094 0.3152 0.2975 0.2995 0.3041 0.0097 3.18  0.5535 0.4782 0.5420 0.5246 0.0406 7.74 
1 1 P095 0.1766 0.1939 0.2130 0.1945 0.0182 9.36  0.5607 0.4689 0.4940 0.5079 0.0475 9.35 
1 2 P095 0.2295 0.2420 0.2282 0.2332 0.0076 3.27  0.6624 0.6262 0.6248 0.6378 0.0213 3.35 
1 3 P095 0.2331 0.1933 0.2191 0.2151 0.0202 9.38  0.5437 0.4995 0.4671 0.5034 0.0384 7.64 
2 1 P095 0.1794 0.1942 0.2058 0.1931 0.0133 6.87  0.4812 0.4069 0.4599 0.4493 0.0383 8.52 
2 2 P095 0.2309 0.2071 0.1981 0.2120 0.0169 7.98  0.5591 0.5773 0.5953 0.5772 0.0181 3.14 
2 3 P095 0.1651 0.1730 0.1880 0.1754 0.0116 6.64  0.4113 0.3947 0.4527 0.4196 0.0299 7.12 
2 4 P095 0.1799 0.1703 0.1916 0.1806 0.0106 5.89  0.6006 0.6027 0.5813 0.5949 0.0118 1.98 
3 1 P095 0.1924 0.1875 0.1904 0.1901 0.0025 1.30  0.4014 0.4321 0.4101 0.4145 0.0158 3.81 
3 2 P095 0.2328 0.2776 0.2445 0.2516 0.0232 9.23  0.5296 0.5597 0.5502 0.5465 0.0154 2.82 
3 3 P095 0.2372 0.2277 0.2361 0.2337 0.0052 2.23  0.4792 0.4905 0.5166 0.4954 0.0192 3.88 
3 4 P095 0.2917 0.2553 0.2678 0.2716 0.0185 6.81  0.5117 0.4933 0.5185 0.5079 0.0130 2.56 
1 1 P096 0.2023 0.2021 0.2038 0.2027 0.0009 0.46  0.2697 0.2637 0.2968 0.2767 0.0177 6.38 
1 2 P096 0.2378 0.2378 0.2715 0.2490 0.0194 7.81  0.4253 0.4499 0.5103 0.4618 0.0438 9.47 
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1 3 P096 0.1960 0.2153 0.2074 0.2062 0.0097 4.71  0.4141 0.3655 0.3689 0.3828 0.0271 7.08 
2 1 P096 0.1959 0.2004 0.2108 0.2024 0.0076 3.77  0.4258 0.4438 0.4265 0.4320 0.0102 2.36 
2 2 P096 0.2282 0.2350 0.2330 0.2321 0.0035 1.51  0.5081 0.5047 0.5559 0.5229 0.0287 5.48 
2 3 P096 0.2619 0.2613 0.2605 0.2612 0.0007 0.28  0.4597 0.4909 0.4258 0.4588 0.0325 7.09 
2 4 P096 0.2560 0.2246 0.2318 0.2375 0.0164 6.92  0.4565 0.4958 0.4657 0.4727 0.0206 4.36 
3 1 P096 0.1904 0.1977 0.1948 0.1943 0.0037 1.91  0.3108 0.2843 0.3132 0.3028 0.0160 5.29 
3 2 P096 0.1660 0.1963 0.1762 0.1795 0.0154 8.59  0.3773 0.3185 0.3611 0.3523 0.0304 8.62 
3 3 P096 0.1776 0.1758 0.2057 0.1864 0.0168 9.01  0.3424 0.3916 0.3814 0.3718 0.0260 6.99 
3 4 P096 0.1236 0.1451 0.1254 0.1314 0.0119 9.10  0.2855 0.2979 0.2513 0.2783 0.0241 8.67 
1 1 P097 0.1941 0.1809 0.1930 0.1894 0.0073 3.86  0.4081 0.3847 0.3610 0.3846 0.0235 6.12 
1 2 P097 0.2059 0.2039 0.2142 0.2080 0.0055 2.63  0.3872 0.3933 0.4046 0.3950 0.0088 2.23 
1 3 P097 0.2027 0.1982 0.1984 0.1998 0.0026 1.29  0.3994 0.3807 0.3912 0.3905 0.0094 2.40 
2 1 P097 0.2102 0.2083 0.2092 0.2092 0.0010 0.46  0.3853 0.3594 0.3521 0.3656 0.0174 4.76 
2 2 P097 0.2692 0.2623 0.2639 0.2651 0.0036 1.36  0.4681 0.4429 0.4490 0.4533 0.0132 2.90 
2 3 P097 0.1991 0.2221 0.2113 0.2109 0.0115 5.46  0.3404 0.3222 0.3547 0.3391 0.0163 4.81 
2 4 P097 0.2380 0.2634 0.2378 0.2464 0.0147 5.98  0.4229 0.4217 0.4456 0.4301 0.0135 3.13 
3 1 P097 0.2116 0.2125 0.2101 0.2114 0.0012 0.58  0.3604 0.3327 0.3728 0.3553 0.0205 5.77 
3 2 P097 0.2944 0.3108 0.2875 0.2976 0.0120 4.03  0.3446 0.3787 0.4105 0.3779 0.0329 8.72 
3 3 P097 0.2305 0.2507 0.2373 0.2395 0.0103 4.30  0.3180 0.2873 0.3215 0.3089 0.0188 6.09 
3 4 P097 0.3524 0.3037 0.3158 0.3240 0.0254 7.83  0.4040 0.3599 0.4291 0.3977 0.0351 8.82 
1 1 P098 0.1610 0.1636 0.1716 0.1654 0.0055 3.32  0.2021 0.1732 0.1788 0.1847 0.0153 8.28 
1 2 P098 0.2401 0.2612 0.2497 0.2504 0.0106 4.22  0.3892 0.4057 0.4225 0.4058 0.0166 4.09 
1 3 P098 0.1362 0.1381 0.1604 0.1449 0.0134 9.26  0.3710 0.3878 0.4106 0.3898 0.0199 5.10 
2 1 P098 0.1651 0.1843 0.1885 0.1793 0.0125 6.97  0.3786 0.4622 0.4326 0.4245 0.0424 9.98 
2 2 P098 0.1778 0.1808 0.1747 0.1777 0.0030 1.72  0.3638 0.3852 0.3730 0.3740 0.0107 2.87 
2 3 P098 0.1731 0.1802 0.1742 0.1758 0.0038 2.18  0.3893 0.3708 0.3817 0.3806 0.0093 2.44 
2 4 P098 0.1749 0.1563 0.1684 0.1665 0.0094 5.66  0.4048 0.3856 0.3816 0.3907 0.0124 3.18 
3 1 P098 0.1105 0.1063 0.1044 0.1071 0.0031 2.92  0.3499 0.2977 0.3054 0.3177 0.0282 8.88 
3 2 P098 0.0954 0.0846 0.0964 0.0921 0.0065 7.06  0.3795 0.3327 0.3885 0.3669 0.0300 8.16 
3 3 P098 0.0940 0.0935 0.0960 0.0945 0.0013 1.42  0.2951 0.3123 0.3390 0.3155 0.0222 7.02 
3 4 P098 0.1060 0.1057 0.1023 0.1046 0.0021 1.97  0.4322 0.4113 0.3666 0.4033 0.0335 8.30 
1 1 P100 0.1782 0.1872 0.1788 0.1814 0.0050 2.78  0.1798 0.1588 0.1750 0.1712 0.0111 6.46 
1 2 P100 0.2879 0.2754 0.2828 0.2820 0.0063 2.23  0.4605 0.5166 0.4936 0.4902 0.0282 5.75 
1 3 P100 0.2123 0.1983 0.2112 0.2073 0.0078 3.76  0.3931 0.4144 0.4259 0.4111 0.0167 4.06 
2 1 P100 0.2133 0.2195 0.2232 0.2186 0.0050 2.28  0.4126 0.4505 0.4220 0.4284 0.0197 4.61 
2 2 P100 0.2011 0.2009 0.1983 0.2001 0.0016 0.78  0.4159 0.4144 0.4102 0.4135 0.0029 0.71 
2 3 P100 0.2159 0.2206 0.2111 0.2159 0.0047 2.20  0.3780 0.4363 0.3954 0.4032 0.0299 7.42 
2 4 P100 0.2639 0.2642 0.2867 0.2716 0.0131 4.82  0.5732 0.5420 0.5244 0.5465 0.0247 4.52 
3 1 P100 0.1299 0.1290 0.1334 0.1308 0.0024 1.80  0.2233 0.2182 0.2005 0.2140 0.0119 5.58 
3 2 P100 0.1843 0.1984 0.1695 0.1841 0.0144 7.84  0.4477 0.4840 0.4865 0.4727 0.0217 4.59 
3 3 P100 0.1589 0.1756 0.1601 0.1649 0.0093 5.66  0.3831 0.4157 0.4288 0.4092 0.0235 5.75 
3 4 P100 0.1708 0.1736 0.1927 0.1790 0.0119 6.67  0.4840 0.4925 0.4958 0.4908 0.0061 1.24 
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fin. 
